Optimization of doubled haploid production in maize (Zea mays L.) by Vanous, Adam Edward
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2011
Optimization of doubled haploid production in
maize (Zea mays L.)
Adam Edward Vanous
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agronomy and Crop Sciences Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Vanous, Adam Edward, "Optimization of doubled haploid production in maize (Zea mays L.)" (2011). Graduate Theses and
Dissertations. 11974.
https://lib.dr.iastate.edu/etd/11974
Optimization of doubled haploid production in maize (Zea mays L.) 
 
by 
 
Adam Edward Vanous 
 
 
 
 
A thesis submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
MASTER OF SCIENCE 
 
 
 
 
Major:  Plant Breeding 
 
Program of Study Committee: 
Thomas Lübberstedt, Co-major Professor  
Candice Gardner, Co-major Professor 
Michael Blanco 
 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2011 
 
 
 
 
 
 
 
 
 
Copyright © Adam Edward Vanous, 2011.  All rights reserved. 
ii 
 
TABLE OF CONTENTS 
 
Abstract v 
 
CHAPTER 1. GENERAL INTRODUCTION 1 
Introduction 1 
Objectives 4 
Organization 5 
References 5 
 
CHAPTER 2. LITERATURE REVIEW 10 
In Vivo Induction of Seeds with Haploid Embryos 10 
Characteristics of Haploid Plants 13 
Spontaneous Chromosome Doubling 14 
Artificial Chromosome Doubling-In Vivo 15 
Artificial Chromosome Doubling-In Vitro 17 
Colchicine like Anti-microtubules 19 
References 20 
 
CHAPTER 3. CHROMOSOME DOUBLING OF HAPLOID MAIZE  
(Zea mays L.) SEEDLINGS BY IN VIVO TREATMENT WITH  
COLCHICINE 26 
Introduction 26 
Materials and Methods 28 
iii 
 
Results and Discussion 33 
Conclusions 37 
References 38 
 
CHAPTER 4. FOLIAR APPLICATION OF ANTI-MICRTOTUBULE 
HERBICIDES AS A MEANS OF CHROMOSOME DOUBLING IN  
MATERNAL HAPLOID MAIZE (Zea mays L.) PLANTS  48 
Introduction 48 
Materials and Methods 50 
Results and Discussion  58 
Conclusions 63 
References 64 
 
CHAPTER 5. CONFIRMATION OF DOUBLED HAPLOID MAIZE 
(Zea mays L.) LINES DERIVED FROM VIGOROUS MATERNAL 
HAPLOID PLANTS 78 
Introduction 78 
Materials and Methods 79 
Results and Discussion 82 
Conclusions 83 
References 84 
 
 
 
iv 
 
CHAPTER 6. IN VIVO HAPLOID INDUCTION IN MAIZE (Zea  
mays L.) FOR THREE HAPLOID-INDUCING LINES LEADING TO  
MATERNAL HAPLOIDS 89 
Introduction 89 
Materials and Methods 91 
Results and Discussion 93 
Conclusions 94 
References 95 
 
CHAPTER 7. GENERAL CONCLUSIONS 103 
References 104 
 
ACKNOWLEDGMENTS  107 
 
v 
 
ABSTRACT 
 
 Maize breeding lines developed using doubled haploids produced through in vivo 
induction of maternal haploids are completely homozygous and homogeneous.  In the 
past decade, this type of breeding has become more increasingly used due to progress in 
the logistics behind doubled haploid line production.  Applications of these lines in 
hybrid breeding include (i) increased efficacy of selection, (ii) reduced breeding cycle 
length, (iii) reduced effort for line maintenance, and (iv) ability for molecular marker 
applications.  This thesis reviews the experimental foundation of (i) in vivo induction of 
maternal haploids, (ii) the dominant anthocyanin marker gene, R1-nj, as a means of 
haploid identification, (iii) anti-microtubule agents used to artificially double 
chromosome numbers, and (iv) identifying characteristics of haploid seedlings and plants.  
Experiments were carried out in 2009 and 2010 in Ames, Iowa.  Induction studies were 
performed using RWS x RWK-76 and two proprietary inducer lines.  Similar induction 
rates were observed when using these three haploid-inducing lines.  The three haploid-
inducing lines carried R1-nj and haploid misclassification rates for the inducer lines were 
found to be similar.  The anti-microtubule colchicine was tested because chromosome 
doubling procedures using colchicine have been successfully adapted to large-scale 
applications.  Herbicides containing anti-microtubule active ingredients were also tested 
because of their lower toxicity and ease of application when compared to colchicine.  
Many haploid plants were found that did not fit the characteristics of haploid plants 
vi 
 
presented in the literature.  These plants were all found to be vigorous haploid plants and 
the lines they produced were pure, fixed lines.   
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CHAPTER 1. GENERAL INTRODUCTION 
 
Introduction 
   
  Breeding lines developed using doubled haploid methods are completely 
homozygous and homogeneous (Eder and Chalyk, 2002; Röber et al., 2005; Chang and 
Coe, 2009; Geiger, 2009) and the methodology offers many benefits for breeding line 
development for other crops.  Forster and Thomas (2005) reported that procedures for 
breeding of doubled haploid lines are available for over 250 crop species, and over 300 
cultivars have been developed in 12 species that were derived from doubled haploids.  In 
research, doubled haploid lines have been used for structural and functional genomics, 
marker-trait association studies, and molecular cytogenetics (Chang and Coe, 2009; 
Geiger, 2009).  In breeding, doubled haploid lines increase efficacy of selection (Röber et 
al., 2005; Geiger, 2009; Geiger and Gordillo, 2009), reduce breeding cycle length 
(Szarejko and Forster, 2007; Chang and Coe, 2009; Geiger and Gordillo, 2009), and 
reduce effort for line maintenance (Röber et al., 2005).    
 Haploid maize plants were first described by Stadler and Randolph (1929, 
unpublished; cited in Randolph, 1932).  Occurrences of  haploids in nature were 
described later by Chase (1949, 1952) when he reported a spontaneous haploid induction 
rate of 1 haploid in every 1000 seeds for material used in the United States Corn Belt 
region.   With these low spontaneous haploid induction rates, breeding with haploids was 
thought to be impractical (Geiger, 2009).  However, Coe (1959) developed an inbred 
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haploid-inducing line known as Stock 6.  This inbred haploid-inducing line had an 
induction rate of 2 to 3 percent.  The introduction of this line made it feasible to obtain 
enough haploids to make haploid breeding practical. 
 In vivo haploid induction results in maternal or paternal haploids.  Genomes of the 
maternal haploids are exclusively derived from the seed parent plant (Röber et al., 2005) 
and induction is caused by the pollinating parent (Coe, 1959).  The reverse pertains to 
paternal haploids, where the female line serves as the haploid inducer and the pollinator 
is the genome donor (Kermicle, 1969).  Herein, maternal haploids generated from 
haploid-inducing lines were used.   
 For the above system to work, an efficient screening system for separating the 
haploid and non-haploid seeds was needed.  The anthocyanin marker gene, R1-nj (Nanda 
and Chase, 1966; Greenblatt and Bock, 1967; Chase, 1969; Neuffer et al., 1997; Röber, 
1999; Eder and Chalyk, 2002) was used for this screening process.   
 Spontaneous chromosome doubling rates for the male inflorescence range from 
2.8 to 46 percent and are very genotype specific (Liu and Song, 2000; Wei and Chen, 
2006; Han et al., 2006).  Spontaneous doubling rates for the female inflorescence are also 
genotype specific and range from 25 to 94 percent (Chalyk et al., 1994; Liu and Song, 
2000; Han et al., 2006).  Lack of fertility in the male and female inflorescences revealed 
spontaneous chromosome doubling rates that have been reported to range from 0 to 10 
percent (Chase, 1969; Beckert, 1994; Deimling et al., 1997; Kato, 2002) when 
considering both male and female inflorescences.  Spontaneous chromosome doubling 
may occur via somatic cell fusion, endoreduplication, endomitosis and possibly many 
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other mechanisms (Jensen, 1974; Testillano et al., 2004).  However, with these low 
spontaneous doubling rates, artificial chromosome doubling methods are necessary for an 
efficient application of doubled haploid breeding procedures (Röber et al., 2005; Chang 
and Coe, 2009; Geiger, 2009). 
 Traditionally, the anti-microtubule colchicine has been applied to seedlings in a 
0.06 to 0.50 percent solution (Chase, 1952, 1969; Gayen et al., 1994; Bordes et al., 1997; 
Chalyk, 2000; Eder and Chalyk, 2002; Han et al., 2006) to increase chromosome 
doubling rates.  Colchicine disrupts mitosis by binding to tubulin, thus inhibiting the 
alignment and separation of chromosomes (Wan et al., 1991).  It was considered an 
unreliable asset because its effects were highly genotype specific (Geiger, 2009).  
Additionally, colchicine has a low affinity for plant microtubules (Eigsti and Dustin, 
1955), thus a higher concentration of colchicine was needed, which proved to be toxic to 
treated seedlings (Jensen, 1974). 
 Several procedures have been developed utilizing herbicides containing an anti-
microtubule active ingredient.  These herbicides are known to exhibit colchicine-like 
effects on plant tissue (Lignowski and Scott, 1972; Upadhyaya and Noodén, 1977).  In 
vitro procedures utilizing herbicides to double chromosome numbers have been shown to 
be effective (Wan et al., 1991; Hansen and Andersen, 1996). 
 Based on the Weed Science Society of America’s (WSSA) herbicide 
classification system, the most common anti-microtubule herbicides are found in three 
different groups of herbicides: groups 3, 15, and 23 (Government of Alberta, Agricultural 
and Rural Development, 2003).    Group 3 herbicides’ mode of action in the seedling 
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inhibits root growth.    Group 15 herbicides are similar to group 3 herbicides; however, 
group 15 herbicides’ mode of action is to inhibit shoot growth.  The final group of 
mitosis-inhibiting herbicides is group 23.  This group is known to inhibit cell division and 
microtubule organization, and polymerization (Bartels and Hilton, 1973). 
  
Objectives 
 
 I. Evaluate the effectiveness of chromosome doubling when submerging the 
seedlings in the anti-microtubule agent colchicine.  A water control treatment was 
included.  Each of the chemical treatments included four different seedling tissue cuts: no 
cut, coleoptile cut, radicle cut, and both coleoptile and radicle cut.  Phenotypic trait data 
were recorded so the effects of each treatment on the plants development could be 
compared.  Assessed traits include plant height, ear height, tassel branch number, ear 
length, ear diameter, and seeds obtained. 
 II. Compare the efficacy of chromosome doubling when the anti-microtubule 
agent’s trifluralin, pronamide, isoxaben, pendimethalin, and acetochlor were foliar 
applied at various rates.  A control was included for statistical comparisons.  Phenotypic 
trait data were evaluated on plant development to compare treatment effects.  Traits 
evaluated include plant height, ear height, tassel branch number, ear length, ear diameter, 
and seeds obtained. 
 III. Examine whether the vigorous haploid plants from 2009 were F1’s or true 
homozygous diploids.  Seed set and other phenotypic data were evaluated to determine 
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whether segregation was occurring.  Correlations between haploid seed set and plant size 
of the respective diploid counterpart were determined. 
 IV. Compare the efficacy of haploid induction rates when using three different 
haploid-inducing lines.  Induced seeds were sorted at the dormant stage and a field 
confirmation was conducted to verify haploids.   
   
Organization 
 
 Research activities associated with the above objectives are described in the 
following chapters.  Results related to each objective were analyzed in detail and relevant 
figures and tables are presented.  Following this is a literature review intended to 
familiarize the reader with the use of doubled haploids in maize breeding.   
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CHAPTER 2. LITERATURE REVIEW 
 
 This literature review is intended to summarize information on the use and 
importance of doubled haploid methods in maize breeding.  The ideologies presented in 
the literature for the artificial doubling process with anti-microtubule agents other than 
colchicine are limited.  For this reason, emphasis has been placed on the anti-microtubule 
agents that have been studied.  Also, in vitro artificial doubling methods using herbicides 
that contain anti-microtubule agents as active ingredients are discussed.    
 
In Vivo Induction of Seeds with Haploid Embryos 
 
 Chase (1949) reported spontaneous haploid induction rates ranging from 1 
haploid in every 145 seeds to 1 haploid in every 3275 seeds.  Spontaneous haploid 
induction rates for material used in the United States Corn Belt region are ~1 haploid in 
every 1000 seeds (Chase, 1952).  With low haploid induction rates, a commercial 
application was thought to be impossible (Geiger, 2009).  With the development of the 
inbred haploid-inducing line Stock 6 (Coe, 1959), the rate of haploid induction rose to 20 
to 30 haploids out of every 1000 seeds.   
 More recently, the haploid induction line RWS (Röber et al., 2005) has been 
found to be the most effective of the currently available inducer lines (Geiger, 2009) with 
an induction rate of ~80 haploids in every 1000 seeds.  It was derived from the cross 
between KEMS (Shatskaya et al., 1994) and WS14 (Lashermes and Beckert, 1988).  A 
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sister line, RWK-76, was also developed from the reciprocal cross and shows a similar 
induction rate of ~90 haploids in every 1000 seeds (Geiger, 2009).  The cross RWS x 
RWK-76 shows an induction rate of 90 to 100 haploids in every 1000 seeds and is the 
preferred inducer over RWS and RWK-76 because it is more vigorous and sheds more 
pollen (Geiger, 2009). 
 Methods have also been proposed and tested that incorporate chemical agents that 
can increase the rate of obtaining haploid seeds.  Dankov et al. (1997) used the herbicide 
Basagran® (sodium salts of bentazon and dichlorprop) and observed an increase in 
induction rate of 4 to 5 percent.  The authors submerged tassels of the haploid-inducing 
plants in a 0.1 percent solution of the herbicide for 24 hours and then used these tassels 
for pollinations.  Other herbicides have been used by Wan et al. (1991) and Hansen and 
Andersen (1998) that report similar results.   
 The majority of haploid seeds are maternal in nature (Chang and Coe, 2009).  
Presently, two hypotheses have been presented about mechanisms that give rise to 
maternal haploids.  The first hypothesis states that one of the two sperm cells coming 
from the inducer line pollen is defective but still capable of fusing to the egg cell.  During 
cell division, the chromosomes from the inducer parent deteriorate and are eliminated 
from the primordial cells.  Experimental support for this premise has come from 
Wedzony et al. (2002).   
The second hypothesis states that one of the two sperm cells is unable to fuse with 
the egg cell.  As a result of this phenomenon, haploid embryogenesis is activated. The 
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second sperm cell then fuses with the central cell as suggested in the first hypothesis.  
Experimental support for this premise has come from Chalyk et al. (2003). 
Identification of maternal haploid seeds and seedlings has also progressed with 
time.  A dominant anthocyanin marker, R1-nj, is used most commonly to aid in 
distinguishing haploid from non-haploid seeds (Greenblatt and Bock, 1967).  These 
haploids and non-haploids are identified using the following criteria. 
 
Hybrids – The R1-nj gene causes the aleurone layer of the endosperm and the scutellum  
 of the embryo to express a purple pigmentation in these seeds.   Endosperm is  
 of the normal triploid type and a normal diploid embryo is present.   
Haploids – Pigmentation is expressed in the aleurone layer but is absent from the  
 scutellum.  These seeds contain normal triploid endosperm and a haploid maternal  
 embryo. 
Aborted – Seeds express pigmentation in the scutellum of the embryo and the endosperm  
 is non-pigmented.  This occurs when the egg cell is fertilized but not the central  
 cell, resulting in a normal diploid embryo and non-normal diploid endosperm.   
 Abortion occurs early in seed development.   
Outcrossed/Accidental Self – Seeds lack pigmentation in the aleurone layer and the  
 scutellum but develop normally.  This type is easily identified and can be  
 discarded. 
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For this system to be effective, the maternal parent must have colorless seeds and 
the inducer must be homozygous for R1-nj.  The use of the R1-nj gene could result in a 
misclassification rate of 80 percent (Nanda and Chase, 1966), but with its use, it has sped 
up the rate of identification of maternal haploids.  The main causes for misidentification 
are from the donor parent being either homozygous for the R1 or C1-I loci.  C1-I acts as a 
dominant anthocyanin inhibitor which results in the absence of purple pigmentation.  
Other marker genes have also been incorporated into haploid inducing lines to help aid in 
identification, but R1-nj has been shown to be the most useful and well established 
method for identifying haploids at the seed stage (Chang and Coe, 2009).    
  
Characteristics of Haploid Plants 
 
Maternal haploids obtained from the in vivo induction process, as described 
above, have very distinct physical properties.  Chase (1969) described these haploid 
plants as having narrow leaves that often contain white stripes and were shorter than their 
diploid counterparts.  He also noted these plants exhibit less tolerance to stress and were 
highly sterile in both tassel and ear inflorescences, with occasional fertility restoration in 
sectors on the tassel and ear.  However, spontaneously doubled haploids may exhibit high 
fertility in both tassel and ear inflorescences (Kato, 2002).   
Haploid plants that undergo chromosome doubling produce ears possessing at 
least a few seeds (Chalyk, 1994; Geiger, 2009).  Chalyk (1994) averaged 27 seeds per 
ear, with the highest being 107 seeds.  Higher numbers of seeds were obtained by Geiger 
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et al. (2006).  In the most fertile progeny that was tested, an average of 80 seeds per ear 
was found.   
 
Spontaneous Chromosome Doubling 
 
Spontaneous chromosome doubling rates for haploid maize plants, as evidenced 
by male inflorescences that produce normal pollen grains range from 2.8 to 46 percent 
and are very genotype specific (Liu and Song, 2000; Wei and Chen, 2006; Han et al., 
2006).  Spontaneous rates for the female inflorescence of a haploid plant, as evidenced by 
seed set, are reported to range from 25 to 94 percent (Chalyk et al., 1994; Liu and Song, 
2000; Han et al., 2006).  This spontaneous doubling may occur via somatic cell fusion, 
endoreduplication, endomitosis, and possibly many other mechanisms (Jensen, 1974; 
Testillano et al., 2004).   
 Somatic cell fusion, also known as protoplast fusion, takes place in multiple steps.  
The first step in this process is cell wall digestion with cellulase enzymes.  Protoplasts 
then undergo fusion; the two nuclei are fused into a single nucleus.  Once this process is 
completed, hormones are released that trigger the growth of a cell wall around the newly-
formed cell.  At this point in the process, the cell is now diploid and the chromosome 
doubling process complete.   
 Endoreduplication, also known as endomitosis, is known to occur when there is a 
decline in the mitotic process (Scanlon and Takaes, 2009).  This has been found to begin 
around 10 to 14 days after pollination (Kowles and Phillips, 1985), at which time, the 
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endoreduplication process begins.  Endoreduplication is characterized by having repeated 
cycles of alternating DNA replication and non-replication.  This occurs in the absence of 
chromatid separation, nuclear division, and cytokinesis (Scanlon and Takaes, 2009).  
Kowles et al. (1990) reported flow cytometry findings that suggest the entire genome is 
doubled during any endoreduplication cycle; hitherto, endoreduplication is believed to 
play an important role in spontaneous chromosome doubling. 
  
Artificial Chromosome Doubling - In Vivo 
 
 Doubled haploid production methods result in fixed, pure lines but as discussed 
above, spontaneous chromosome doubling rates for both the male and female 
inflorescences vary greatly; hitherto, a need to increase these rates is of the upmost 
importance for those genotypes that spontaneously double at rates lower than 20 percent 
(Chang and Coe, 2009).  Numerous methods have been presented and proposed with 
varying rates of success.  Success rates have increased recently and artificial chromosome 
doubling is now a reliable asset (Geiger, 2009).   
 The most frequently used and recognized methods for artificial chromosome 
doubling presented in the literature use the anti-microtubule agent colchicine.  However, 
most breeding companies apply proprietary artificial chromosome doubling treatments 
which are less toxic to plant tissue and less dangerous to the humans handling them 
(Geiger and Gordillo, 2009).  Prior to the 1990’s, colchicine was considered an unreliable 
asset because its effects were highly genotype specific when applied to haploid maize 
16 
 
seedlings.  Additionally, colchicine has a low affinity for plant microtubules (Eigsti and 
Dustin, 1955); a higher concentration of colchicine was needed, which proved to be toxic 
to treated seedlings (Jensen, 1974). 
 A method presented by Gayen et al. (1994) used three rates of colchicine, 0.03 
percent, 0.06 percent, and 0.1 percent, in a solution of 0.50 percent DMSO (dimethyl 
sulfoxide).  The authors removed the coleoptile tips and placed seedlings in cotton wads 
that were moistened at one hour intervals with the colchicine solutions for six, 12, and 24  
hours at 18 degrees Celsius.  Results showed that seedlings with the coleoptile tip 
removed and treated with 0.06 percent colchicine solution for 12 hours yielded the 
highest chromosome doubling rate of 18.05 percent. 
 Deimling et al. (1997) took this procedure a step further and obtained greater 
chromosome doubling efficacy.  Seedlings were germinated so that the coleoptile was at 
least one centimeter in length and then coleoptile tips were removed and the seedlings 
were submerged in 0.06 percent colchicine solution containing 0.50 percent DMSO for 
12 hours at room temperature in a dark room.  This procedure was tested across many 
genotypes by Eder and Chalyk (2002).  When artificial doubling rates were averaged 
across all tested genotypes, the success rate was nearly 50 percent.  For a comparison in 
this study, another method that utilized colchicine was tested (Zabirova et al., 1996); 
plants were grown to the three or four leaf stage and a colchicine solution containing 
0.125 percent colchicine and 0.50 percent DMSO was injected into the seedling three to 
five millimeters above the apex.  Eder and Chalyk (2002) obtained a doubling rate of 16 
percent across all studied genotypes.  The authors concluded that both methods were 
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effective in doubling haploid seed chromosome numbers.  However, methods developed 
by Deimling et al. (1997) were more convenient to use on a larger scale because they 
reduced labor requirements and yielded higher rates of chromosome doubling. 
 Kato (2002) took a different approach by treating haploid maize plants with 
nitrous oxide gas.  Various time periods, gas pressures, and plant stages were used in the 
initial experiment to develop a standardized method.  Treating haploid maize plants at the 
flower primordial stage for two days at 600 kPa was found to be most effective.  This 
method was tested on four inbred lines and four F1 hybrids and results showed an 
average chromosome doubling rate across the eight genotypes of 44 percent.  However, 
donor genotypes had a strong influence on the effects of the treatment; the range of 
doubling was 17 to 90 percent across the eight genotypes.  This approach is also labor 
intensive and special equipment is needed to accommodate the pressures exerted by the 
gas.  Hitherto, this approach is not easily adapted to a project that requires a large number 
of plants to be treated.   
   
Artificial Chromosome Doubling - In Vitro 
 
 In vitro methods such as anther culture, embryo culture, and microspore culture 
have all became reliable methods for obtaining haploid plants, and treatments that can 
result in artificial chromosome doubling are incorporated directly into the cultures.    
 In a study of wheat microspore cultures (Hansen and Andersen, 1998), herbicides 
with active ingredients trifluralin or amiprophos-methyl (APM) were used for 
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chromosome doubling.  Results from this study show that when APM was used, 43 
percent of the wheat plants were fertile.  When trifluralin was used, 39 percent of the 
wheat plants were fertile.   
 Wan et al. (1991) utilized APM, pronamide, oryzalin, and trifluralin for their anti-
microtubule effects to produce doubled haploid plants from anther derived maize callus.  
Results reported from this experiment were very promising.  More than 72 percent of the 
doubled haploid plants regenerated from APM – or pronamide-treated calli set seed.  For 
oryzalin- and trifluralin-treated calli, 51 percent and 70 percent of the regenerated calli 
set seed, respectively.   
 Barnabás et el. (1999), used colchicine and maize microspore cultures to produce 
doubled haploids plants.  The authors used different rates of colchicine and different 
genetic sources for the maize calli.  They found that an application of 0.03 percent 
colchicine to microspores in the induction phase resulted in the highest plant fertility.  
Across all tested genetic sources, more than 80 percent of the regenerated plants set seed 
with this treatment.      
 Despite high chromosome doubling rates, there are many drawbacks when using 
in vitro methods.  Time requirements and technical demands for the operations are 
greater.  Results are highly genotype specific; hitherto, results could vary greatly when 
put into practice.  However, it is a useful tool to generate doubled haploids for maize 
breeding.     
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Colchicine like Anti-microtubule Agents 
  
 Colchicine has predominately been the agent of choice when artificially doubling 
chromosomes in maize.  This being stated, many other agents have been identified as 
being possible sources for use in this area.  Many of these agents find themselves as 
active ingredients in herbicides.  Based on the Weed Science Society of America 
(WSSA) herbicide classification system, the most common of these agents are found in 
three different groups of herbicides: groups 3, 15, and 23.   
 Group 3 herbicides have a mode of action that inhibits seedling root growth.  This 
is accomplished by binding to tubulin, a protein found in microtubules.  Binding inhibits 
polymerization of microtubules and leads to a loss of microtubule structure and function 
(Lignowski and Scott, 1972).  As a result, the spindle apparatus is absent and thus 
prevents alignment and separation of chromosomes during mitosis (Upadhyaya and 
Noodén, 1977).  Herbicide-induced microtubule loss may cause swelling of root tips 
because cells in the region are unable to divide or elongate.  Benzamide, benzoic acid 
(DCPA), dinitroaniline, phosphoramidate, and pyridine are examples of the chemical 
families that are known to be in group 3 herbicides.   
 Group 15 herbicides are similar to group 3 herbicides.  The main difference is that 
the mode of action inhibits seedling shoot growth.  Restricted shoot growth results from 
inhibition of very long chain fatty acid synthesis.  Examples of the chemical families 
found in group 15 herbicides are acetamide, chloroacetamide, oxyacetamide, and 
tetrazolinone.   
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 The final group of mitosis inhibiting herbicides is group 23.  This group of 
herbicides is known to inhibit cell division and microtubule organization, and 
polymerization (Bartels and Hilton, 1973).  Carbamate, carbetamide, chlorpropham, and 
propham are chemical families found in this group. 
 The main advantage of using these types of anti-microtubule agents is a lower 
concentration requirement than for colchicine (Upadhyaya and Noodén, 1977).  As a 
result, they are easier and safer to work with as agents for artificial chromosome 
doubling.   
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CHAPTER 3. CHROMOSOME DOUBLING OF MATERNAL 
HAPLOID MAIZE (Zea mays L.) SEEDLINGS BY IN VIVO 
TREATMENT WITH COLCHICINE  
 
Introduction 
 
 Development of homozygous inbred lines is important in the production of hybrid 
varieties in maize and many other crops.  Breeders and researchers have traditionally 
produced inbred lines by selfing heterozygous material for five to six generations, but this 
approach is expensive and time consuming (Eder and Chalyk, 2002).  Breeding with 
haploids can result in the creation of fixed, pure breeding lines (Szarejko and Forster, 
2007; Chang and Coe, 2009; Geiger and Gordillo, 2009) in fewer seasons. However, 
breeding with haploids has not been practical in decades past due to the low rates of 
haploid induction and doubling chromosome numbers. 
 Spontaneous chromosome doubling rates for the male inflorescence range from 
2.8 to 46 percent and are very genotype specific (Liu and Song, 2000; Wei and Chen, 
2006; Han et al., 2006).  Spontaneous doubling rates for the female inflorescence are also 
genotype specific and range from 25 to 94 percent (Chalyk et al., 1994; Liu and Song, 
2000; Han et al., 2006).  Lack of fertility in the male and female inflorescences revealed 
spontaneous chromosome doubling rates that have been reported to range from 0 to 10 
percent (Chase, 1969; Beckert, 1994; Deimling et al., 1997; Kato, 2002) when 
considering both male and female inflorescences.  This spontaneous chromosome 
27 
 
 
doubling may occur via somatic cell fusion, endoreduplication, endomitosis and possibly 
many other mechanisms (Jensen, 1974; Testillano et al., 2004).   
 Traditionally, the anti-microtubule agent colchicine has been applied to seedlings 
in a 0.06 to 0.50 percent solution (Chase, 1952, 1969; Gayen et al., 1994; Bordes et al., 
1997; Chalyk, 2000; Eder and Chalyk, 2002; Han et al., 2006) to increase chromosome 
doubling rates.  Colchicine disrupts mitosis by binding to tubulin, thus inhibiting the 
alignment and separation of chromosomes (Wan et al., 1991).  It was considered an 
unreliable asset because its effects were highly genotype specific (Geiger, 2009).  
Additionally, colchicine has a low affinity for plant microtubules (Eigsti and Dustin, 
1955), thus a higher concentration of colchicine was needed, which proved to be toxic to 
treated seedlings (Jensen, 1974). 
 A method presented by Gayen et al. (1994) used three rates of colchicine, 0.03 
percent, 0.06 percent, and 0.1 percent, in a solution of 0.50 percent DMSO (dimethyl 
sulfoxide).  The authors removed the coleoptile tips and placed seedlings in cotton wads 
that were moistened at one hour intervals with the colchicine solutions for six, 12, and 24  
hours at 18 degrees Celsius.  Results showed that seedlings with the coleoptile tip 
removed and treated with 0.06 percent colchicine solution for 12 hours yielded the 
highest chromosome doubling rate of 18.05 percent. 
 Deimling et al. (1997) improved on this method by submerging the haploid maize 
seedlings in a 0.06 percent colchicine solution containing 0.50 percent DMSO after the 
removal of the coleoptile tip.  Eder and Chalyk (2002) tested this method across many 
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genotypes and found a doubling rate of nearly 50 percent when averaged across all tested 
genotypes.   
 In this study, haploid maize seedlings were submerged in colchicine because the 
agent is known to prevent alignment and separation of chromosomes during mitosis and 
thus increase the rate of doubling (Han et al., 2006).  A water control was also included.  
Four tissue cutting treatments will be tested using these two chemicals and they are 
coleoptile cut, radicle cut, both coleoptile and radicle cut, and no cut.  This study 
examined chemical and tissue cut as main treatments effects, and also examined the 
interaction of these two main effects.   
 
Materials and Methods 
 
Induction and identification of seeds with haploid embryos 
 Seeds containing haploid embryos were induced from the inbred line B73 
(Russell, 1972), using RWS x RWK-76.  RWS x RWK-76 was chosen as the inducer line 
because it has shown good plant vigor, high pollen shed, and an induction rate of 9 to 10 
percent (Geiger, 2009).   
 Identification of maternal haploid seeds was performed by using the dominant 
anthocyanin marker R1-nj (Nanda and Chase, 1966; Greenblatt and Bock, 1967; Chase, 
1969; Neuffer et al., 1997; Röber, 1999; Eder and Chalyk, 2002).  Haploids and non-
haploids were identified at the seed stage using the following criteria. 
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Hybrids – The R1-nj gene causes the aleurone layer of the endosperm and the scutellum  
 of the embryo to express a purple pigmentation in these seeds.   Endosperm is  
 of the normal triploid type and a normal diploid embryo is present.   
Haploids – Pigmentation is expressed in the aleurone layer but is absent from the  
 scutellum.  These seeds contain normal triploid endosperm and a haploid maternal  
 embryo. 
Aborted – Seeds express pigmentation in the scutellum of the embryo and the endosperm  
 is non-pigmented.  This occurs when the egg cell is fertilized but not the central  
 cell, resulting in a normal diploid embryo and non-normal diploid endosperm.   
 Abortion occurs early in seed development.   
Outcrossed/Accidental Self – Seeds lack pigmentation in the aleurone layer and the  
 scutellum but develop normally.  This type is easily identified and can be  
 discarded. 
 
 Seeds identified as haploid were used in the experiment described below.  The 
final identification of haploid plants was performed in the field using the following 
criteria.    
 
Haploids – Plants having narrow leaves that often contain white stripes and high sterility  
 in both tassel and ear inflorescences with occasional fertility restoration in  
 sectors on the tassel and ear (Chase, 1969).  Lack of purple pigmentation in plant  
 tissue. 
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Hybrids – Plants expressing hybrid vigor and a high fertility in both the tassel and ear  
 inflorescences without sectorial sterility (Kato, 2002).  Presence of purple  
 pigmentation in plant tissue.    
Spontaneously doubled haploids – High fertility present in both the tassel and ear  
 inflorescences and a lack of hybrid vigor (Kato, 2002).  Lack of purple  
 pigmentation in plant tissue. 
 
Chromosome doubling 
 A method for chromosome doubling in haploid plants that was developed by 
Deimling et al. (1997) and tested by Eder and Chalyk (2002) was modified and utilized in 
this experiment.  Haploid seeds induced from inbred line B73 are placed in a growth 
chamber for four days at 26 degrees Celsius so that the coleoptiles are at least one 
centimeter in length.  Upon removal, a small portion of the coleoptile, radicle, or both the 
coleoptile and radicle was removed.  A control with intact coleoptiles and radicles was 
included for statistical purposes.  Seedlings were then submerged into either a 0.06 
percent colchicine solution containing 0.50 percent DMSO (dimethyl sulfoxide) or into 
tap water at room temperature for 12 hours in the dark.  Subsequent to submersion, 
seedlings were washed thoroughly with tap water and planted into containers in the 
greenhouse to recover from the tissue and chemical treatments.   
Upon recovering for two weeks, seedlings were transplanted to the field.  At the 
time of flowering, plants were self pollinated if pollen was present, as described by 
Chang and Coe (2009).  According to this technique, anthers are removed from the tassel 
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and cut in half to force pollen grains out.  Pollen released from anthers in this manner can 
then be placed on silks.  On self pollinated plants, plant height (centimeters), ear height 
(centimeters), and tassel branch number data was logged.  Ear length (centimeters), cob 
diameter (centimeters), and seeds obtained per pollination data were recorded for self 
pollinated plants that produced seed at the time of harvest. 
 
Experimental design and statistical analysis 
 The experiment was set up in a randomized complete block design with three 
replications.  All of the data were analyzed using this configuration.  Replications, 
chemicals, and tissue treatments were considered fixed effects and were tested using the 
residual error in an analysis of variance.  Percent doubling was calculated by dividing the 
number of plants that produced seeds by the final plant number.  Comparisons of 
differences between least squares means on the transformed scale were calculated for the 
chemical treatment x tissue treatment interaction for percent doubling.  Comparisons 
between all pairs of least squares means, indicated by LSD groupings, were calculated for 
percent doubled, percent selfed, number of seeds obtained, tassel branch number, plant 
height, ear height, ear length, and cob diameter on both chemical and tissue cut main 
effects, as well as their interaction.  Tests were analyzed with significance level set at α = 
0.05 unless otherwise noted. Details of the analyses used for the various traits are detailed 
below.     
 
Percent doubling and percent selfed – Binomial distribution and the logit (canonical) link  
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 function were used in the GLIMMIX procedure (SAS Institute Inc., 2008) to  
 calculate the F-tests and corresponding p-values.  Estimated means, corrected  
 for effects of other factors in the experiment, were subsequently back-transformed  
 using the ILINK statement (SAS Institute Inc., 2008).  Due to this correction and  
 transformation effect, mean percents reported are different from those calculated  
 from the actual data.   
Seeds obtained and tassel branch number – The GLIMMIX procedure was used to  
 calculate F-tests and corresponding p-values.  A Poisson distribution and a log  
 (canonical) link function were used because the representative data were count  
 data.  Estimated means were corrected for effects of other factors in the  
 experiment and then back-transformed using the ILINK statement.  Means 
 reported were corrected in this manner and are different from the means  
calculated from the actual data.   
Plant height, ear height, ear length, and cob diameter – Data was normally distributed  
  and analyzed in the GLIMMIX procedure to calculate F-tests and associated p- 
 values.  The LSMEANS statement (SAS Institute Inc., 2008) provided the  
 predicted least squares means of each treatment.  These means were corrected for  
 effects of other factors in the experiment.   
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Results and Discussion 
 
Frequency of seeds with haploid embryos  
The R1-nj dominant anthocyanin marker that is present in RWS x RWK-76 was 
found to be effective in identifying maternal haploid seeds at the dormant stage.  Over 89 
percent of the haploid seeds identified at the dormant stage were confirmed as true 
haploids in field evaluations.  This success may be due to the low occurrence rate of the 
C1-I allele in United States dent breeding lines (Kato, 2002; Röber, 1999).  C1-I acts as a 
dominant anthocyanin inhibitor which results in the absence of purple pigmentation (Coe, 
1994).   
 
Percent Doubling 
 Partitioning of treatment effects on percent doubling revealed a significant main 
effect for chemical used, but there were no statistically significant differences for the 
tissue cut treatments or for their interaction (Table 1).  However, the interaction showed a 
significance level (p = 0.0519) near the α=0.05 level that was set for the experiment.  
Comparisons of differences between least squares means on the transformed scale 
showed seven significant differences between these treatment interactions (Table 2).  The 
main effect was significant because the percent doubling found for water and colchicine 
was 41.73 and 24.15, respectively (Table 3; Figure 1A).    The highest doubling rate 
resulted from treatments that had the radicle cut and were submerged in water (55.31 
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percent) (significant at p=0.05) and those which had the coleoptile cut and submerged in 
colchicine (46.71 percent) (Table 2; Figure 1C, D). 
 Doubling frequencies for tissue cut treatments submerged in water were higher 
than expected.  Possible reasons for this difference include chemical effect, genotype, 
environment and growing season.  Impact of water treatment on chromosome doubling 
rate has never been reported in previous literature to our knowledge; thus, it is unknown 
if interactions between water and seedlings influenced chromosome doubling.  Induction 
crosses were only performed on the inbred line B73.  As only one genotype was tested, it 
is unknown whether use of additional genotypes will generate similar results.  Bordes et 
al. (1997) reported that chromosome doubling treatments were affected by growing 
conditions.  Summer of 2010 in Ames had a number of storms that produced high winds 
and wet growing conditions; the impact of field environmental conditions on the relative 
doubling rates of transplanted seedlings previously submerged in water or colchicine are 
unknown.  Severe storms occurred after the floral initiation growth stage.   
 
Percent selfed and phenotypic traits   
No significant differences for chemical and tissue cut main effects were found for 
percent of plants selfed (Table 1).  However, the chemical x tissue cut interaction means 
indicate that those treatments yielding the highest doubling rates also yielded the highest 
rates for plants selfed; 66.80 percent for those submerged in water with radicle cut and 
63.21 percent for those submerged in colchicine with coleoptile cut (Table 3).  Across all 
treatments, 64.19 percent of the plants that were self-pollinated produced seeds.  
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However, when viewing the difference between chemical treatments, seedlings 
submerged in water had a higher number of plants that produced selfed seeds (75.27 
percent) than those submerged in colchicine (45.45 percent) (Figure 1A). 
 Separation of treatment effects of seeds obtained per pollination showed a 
significant main effect for tissue cut.  The chemical x tissue cut interaction was also 
significant, but no statistical difference was found for main chemical effect (Table 1).  
Seedlings having both coleoptile and radicle cut averaged 24.68 seeds per cob (Table 3) 
(significant at p=0.05).  Submersion in colchicine with both the coleoptile and radicle cut 
yielded the highest mean, 42.93 seeds per pollination (Table 3) (significant at p=0.05).   
 Effects of the two chemical treatments or the four different tissue cut treatments 
on the number of tassel branches per plant were found to be non-significant (Table 1).  
This led to a non-significant interaction for these two main effects.    
 Partitioning of effects for plant height revealed a significant main effect for tissue 
cut, but no differences were seen for the main chemical effect or for the interaction of the 
two main effects (Table 1).  The mean plant height of seedlings with coleoptiles cut was 
131.82 centimeters (significant at p=0.05), five centimeters taller than for other tissue 
treatments (Table 3).   
 For ear height, neither main treatment effects nor their interaction were 
significantly different (Table 1).  However, the tissue cut treatment effect showed a 
significance level (p=0.0863) near the α=0.05 level that was set for the experiment.  
Comparisons of least squares means for tissue cut treatments showed a statistically 
significant difference between coleoptile cut treatment and no cut treatment.  It is 
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unknown whether main tissue cut effect would be significant if a larger sample size was 
studied.   
 Main chemical treatment effect for ear length was found to be statistically 
different.  This main effect was significant because colchicine greatly reduced ear length 
(6.50 centimeters) when compared to treatments submerged in water (7.31 centimeters) 
(Table 3).  However, there were no statistically significant differences for tissue cut 
treatments or for the main effects interaction.  Cob diameter showed no statistically 
significant main effect differences for chemical or tissue cut treatments and their 
interaction (Table 1). 
 
Sample size 
 Effects of the treatments progressively reduced sample sizes throughout the 
experiment (Figure 2A - D).  Six of the eight treatments showed a final stand that was 
below 50 percent of the initial sample size.  Treatments submerged in colchicine (26.39 
percent) averaged a much lower sample size than those submerged in water (46.39 
percent) when comparing percent of final stand over initial stand.  With this variation in 
sample size, calculating percent doubling could yield many different rates depending on 
the sample size used (Figure 1A - D).  However, calculating percent doubling among any 
of the given sample sizes yielded approximately the same order when ranking the 
treatments from highest to lowest.   
 In this study, a percent difference of approximately 20 percent was needed to 
statistically determine differences between treatments for percent doubling.  Figure 3 
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shows a conservative estimate of initial sample size for a treatment to be statistically 
different at various percent doubling levels with 95 percent confidence.  This estimate of 
sample size was derived by using an α level of 0.05, a β level of 0.2, and a probability of 
0.5.  For example, for a comparison of two treatments with a 10 percent difference to be 
statistically significant, an estimated sample size of 350 individuals would be needed for 
each treatment. 
 
Conclusions 
  
 The experiment revealed findings that were unexpected using these various 
chemical and tissue cut treatments.  On average, doubling rates were found to be 36.26 
percent across all treatments.  Significant differences for percent doubling were found 
among treatments.  However, these differences were more associated with the difference 
in chemical treatments than with the tissue cut treatments that were used.  As this 
experiment used only maternal B73 haploids, additional tests should be performed with 
additional genotypes to see if the effects of water on chromosome doubling are 
consistent.  Significant differences were also found among treatments for some 
phenotypic traits.  This would suggest a relationship between percent doubling and plant 
development when using various chemicals or tissue treatments.   
 A future study utilizing additional genotypes will be conducted to verify the 
effects of water on chromosome doubling.  
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Table 1. F-values from type III tests of fixed treatment effects. 
 
Effect Percent 
doubled 
Percent 
selfed 
Seeds 
obtained 
Tassel 
branches 
Plant 
height 
Ear 
height 
Ear 
length 
Cob 
diameter 
Chemical 8.84* 0.21 0.26 0.10 1.01 1.73 9.42** 1.38 
Tissue cut 1.33 1.38 3.04* 0.65 3.70* 2.28 0.48 1.28 
Chemical x Cut 3.30 0.64 3.23* 0.17 0.31 0.56 0.37 0.65 
*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
 
  
 
 
 
 
4
2
 
 
 
 
Table 2. Differences of the estimated probabilities on the transformed scale (above diagonal) and p-values (below diagonal) 
from comparisons of least squares means of treatments used for doubling B73-(n). 
 
Treatment Percent  
doubled 
Water 
no cut 
Water 
radicle cut 
Water 
coleoptile 
cut 
Water 
both cut 
Colchicine 
no cut 
Colchicine 
radicle cut 
Colchicine 
coleoptile 
cut 
Colchicine 
both cut 
Water no cut 34.69  -0.85 0.12 0.23 -0.45 -1.14 0.50 -0.96 
Water radicle cut 55.31 0.0401  -0.73 -0.61 -1.30 -1.98 -0.35 -1.81 
Water coleoptile cut 37.39 0.7780 0.0987  0.11 -0.57 -1.26 0.38 -1.08 
Water both cut 40.11 0.5726 0.1409 0.7977  -0.68 -1.37 0.27 -1.19 
Colchicine no cut 25.32 0.3312 0.0110 0.2559 0.1640  0.69 0.95 -0.51 
Colchicine radicle cut 14.54 0.0829 0.0058 0.0667 0.0461 0.3119  1.64 0.18 
Colchicine coleoptile cut 46.71 0.2822 0.4475 0.4386 0.5704 0.0807 0.0261  -1.46 
Colchicine both cut 16.90 0.1439 0.0119 0.1139 0.0858 0.4585 0.8241 0.0478  
Bold numbers are significantly different at 0.05 probability levels. 
Percent doubled based on plants that produced seeds divided by final stand count and multiplied by 100. 
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Table 3. Comparisons for all pairs of least squares means by treatment effect and their interaction for eight phenotypic traits. 
 
Effect Treatment Percent 
doubled 
Percent 
selfed 
Seeds 
obtained 
Tassel 
branches 
Plant  
height 
Ear  
height 
Ear  
length 
Cob 
diameter 
Chemical Water 41.73 a 55.26 a 14.54 a 8.13 a 127.14 a 50.61 a 7.31 a 1.55 a 
 Colchicine 24.15 b 57.89 a 12.27 a 8.27 a 124.61 a 47.66 a 6.50 b 1.47 a 
Tissue  
cut 
No cut 29.79 a 51.59 a 12.61 b 7.82 a 124.29 b 45.95 b 7.10 a 1.57 a 
Radicle cut 31.46 a 65.96 a 5.87 b 8.03 a 122.98 b 49.57 ab 6.69 a 1.38 a 
Coleoptile cut 41.98 a 55.71 a 17.40 ab 8.31 a 131.82 a 52.29 a 6.99 a 1.53 a 
Both cut 26.95 a 52.60 a 24.68 a 8.64 a 124.43 ab 48.71 ab 6.83 a 1.56 a 
Chemcial 
x tissue cut 
interaction 
Water no  
cut 
34.69 bcd 49.25 a 15.41 b 7.94 a 124.98 ab 49.15 ab 7.33 a 1.59 a 
        
Water radicle 
cut 
55.31 a 66.80 a 10.88 b 8.04 a 126.09 ab 48.93 ab 7.07 a 1.44 a 
        
Water 
coleoptile cut 
37.39 abcd 47.93 a 18.77 b 8.19 a 133.59 a 54.09 a 7.51 a 1.64 a 
       
Water both  
cut 
40.11 abc 56.41 a 14.19 b 8.34 a 123.92 b 50.26 a 7.32 a 1.54 a 
        
Colchicine no 
cut 
25.32 bcd 53.93 a 10.31 b 7.71 a 123.59 b 42.76 b 6.88 a 1.55 a 
        
Colchicine 
radicle cut 
14.54 d 65.11 a 3.17 b 8.01 a 119.86 b 50.22 ab 6.31 a 1.33 a 
        
Colchicine 
coleoptile cut 
46.71 ab 63.21 a 16.13 b 8.44 a 130.05 ab 50.48 a 6.47 a 1.43 a 
        
Colchicine 
both cut 
16.90 cd 48.75 a 42.93 a 8.96 a 124.94 ab 47.16 ab 6.34 a 1.57 a 
         
Entries not sharing a common letter are significantly different at 0.05 probability levels. 
Percent doubled based on plants that produced seeds divided by final stand count and multiplied by 100. 
Percent selfed based on plants that were selfed divided by final stand count and multiplied by 100. 
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Figure 1. Main chemical effect (A), main tissue cut effect (B), and chemical x tissue cut interaction effect (C-D) on doubling 
efficacy as determined by plant survivial at five sampling stages.   
* Significant at the 0.05 probability level when doubling efficacy is calculated using final stand.  Comparisons were made 
within each main effect and their interaction.  
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Figure 2. Main chemical effect (A), main tissue cut effect (B), and chemical x tissue cut interaction effect (C-D) on sample size 
as determined by percent of initial sample size at six stages.   
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Figure 3. Conservative estimate of sample size needed to statistically distinguish between various treatment doubling percents.  
To develop the predictive scale, α was set at 0.05, β was set at 0.2, and a 0.5 probability level was used.  
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CHAPTER 4. FOLIAR APPLICATION OF ANTI-MICROTUBULE 
HERBICIDES AS A MEANS OF CHROMOSOME DOUBLING IN 
MATERNAL HAPLOID MAIZE (Zea mays L.) PLANTS 
 
Introduction 
 
 Breeding lines developed using doubled haploid methods are completely 
homozygous and homogeneous (Eder and Chalyk, 2002; Röber et al., 2005; Chang and 
Coe, 2009; Geiger, 2009) and have many benefits for breeding line development for other 
crops.  Forster and Thomas (2005) reported that procedures for breeding of doubled 
haploid lines are available for over 250 crop species.  In research, doubled haploid lines 
have been used for structural and functional genomics, marker-trait association studies, 
and molecular cytogenetics (Chang and Coe, 2009; Geiger, 2009).  In breeding, doubled 
haploid lines increase efficacy of selection (Röber et al., 2005; Geiger, 2009; Geiger and 
Gordillo, 2009), reduce breeding cycle length (Szarejko and Forster, 2007; Chang and 
Coe, 2009; Geiger and Gordillo, 2009), and reduce effort for line maintenance (Röber et 
al., 2005).     
 Spontaneous chromosome doubling rates for the male inflorescence range from 
2.8 to 46 percent and are very genotype specific (Liu and Song, 2000; Wei and Chen, 
2006; Han et al., 2006).  Spontaneous doubling rates for the female inflorescence are also 
genotype specific and range from 25 to 94 percent (Chalyk et al., 1994; Liu and Song, 
2000; Han et al., 2006).  Lack of fertility in the male and female inflorescences revealed 
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spontaneous chromosome doubling rates that have been reported to range from 0 to 10 
percent (Chase, 1969; Beckert, 1994; Deimling et al., 1997; Kato, 2002) when 
considering both male and female inflorescences.  Spontaneous chromosome doubling 
may occur via somatic cell fusion, endoreduplication, endomitosis and possibly many 
other mechanisms (Jensen, 1974; Testillano et al., 2004).  However, with these low 
spontaneous doubling rates, artificial chromosome doubling methods are necessary for an 
efficient application of doubled haploid breeding procedures (Röber et al., 2005; Chang 
and Coe, 2009; Geiger, 2009). 
 Traditionally, the anti-microtubule agent colchicine has been applied to seedlings 
in a 0.06 to 0.50 percent solution (Chase, 1952, 1969; Gayen et al., 1994; Bordes et al., 
1997; Chalyk, 2000; Eder and Chalyk, 2002; Han et al., 2006) to increase chromosome 
doubling rates.  Colchicine disrupts mitosis by binding to tubulin, thus inhibiting the 
alignment and separation of chromosomes (Wan et al., 1991).  It was considered an 
unreliable asset because its effects were highly genotype specific (Geiger, 2009).  
Additionally, colchicine has a low affinity for plant microtubules (Eigsti and Dustin, 
1955), thus a higher concentration of colchicine was needed, which proved to be toxic to 
treated seedlings (Jensen, 1974). 
 Several procedures have been developed utilizing herbicides containing an anti-
microtubule active ingredient.  These herbicides are known to exhibit colchicine-like 
effects on plant tissue (Lignowski and Scott, 1972; Upadhyaya and Noodén, 1977).  In 
vitro procedures utilizing herbicides to double chromosome numbers have been shown to 
be as effective as colchicine (Wan et al., 1991; Hansen and Andersen, 1996). 
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 Based on the Weed Science Society of America’s (WSSA) herbicide 
classification system, the most common anti-microtubule herbicides are found in three 
different groups of herbicides: groups 3, 15, and 23 (Government of Alberta, Agricultural 
and Rural Development, 2003).    Group 3 herbicides’ mode of action in the seedling 
inhibits root growth.    Group 15 herbicides are similar to group 3 herbicides; however, 
group 15 herbicides’ mode of action is to inhibit shoot growth.  The final group of 
mitosis-inhibiting herbicides is group 23.  This group is known to inhibit cell division and 
microtubule organization, and polymerization (Bartels and Hilton, 1973).  Herein, the 
herbicides trifluralin (Group 3), pendimethalin (Group 3), pronamide (Group 15), 
acetochlor (Group 15), and isoxaben (Group 23) are used.   
 In these studies, maternal haploid maize seeds obtained through in vivo induction 
techniques were planted in the greenhouse and field and received a foliar application 
from an anti-microtubule herbicide in varying rates to determine their effects on 
chromosome doubling rates.      
   
Materials and Methods 
 
Induction and identification of seeds with haploid embryos 
 Seeds containing maternal haploid embryos were induced from the inbred line 
B73 (Russell, 1972) and 20 F1 populations, using RWS x RWK-76 or a proprietary 
inducer line designated Proprietary 1.     
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  Identification of maternal haploid seeds was performed by using the dominant 
anthocyanin marker R1-nj (Nanda and Chase, 1966; Greenblatt and Bock, 1967; Chase, 
1969; Neuffer et al., 1997; Röber, 1999; Eder and Chalyk, 2002).  This method of haploid 
identification was chosen because R1-nj was present in both haploid-inducing lines.  
Haploid and non-haploids were identified at the dormant seed stage using the following 
criteria. 
 
Hybrids – The R1-nj gene causes the aleurone layer of the endosperm and the scutellum  
 of the embryo to express a purple pigmentation in these seeds.   Endosperm is  
 of the normal triploid type and a normal diploid embryo is present.   
Haploids – Pigmentation is expressed in the aleurone layer but is absent from the  
 scutellum.  These seeds contain normal triploid endosperm and a haploid maternal  
 embryo. 
Aborted – Seeds express pigmentation in the scutellum of the embryo and the endosperm  
 is non-pigmented.  This occurs when the egg cell is fertilized but not the central  
 cell, resulting in a normal diploid embryo and non-normal diploid endosperm.   
 Abortion occurs early in seed development.   
Outcrossed/Accidental Self – Seeds lack pigmentation in the aleurone layer and the  
 scutellum but develop normally.  This type is easily identified and can be  
 discarded. 
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 Seeds identified as haploid were used in the experiments described below.  The 
final identification of haploid plants was performed in the field using the following 
criteria.    
 
Haploids – Plants having narrow leaves that often contain white stripes and high sterility  
 in both tassel and ear inflorescences with occasional fertility restoration in  
 sectors on the tassel and ear (Chase, 1969).  Lack of purple pigmentation in plant  
 tissue. 
Hybrids – Plants expressing hybrid vigor and a high fertility in both the tassel and ear  
 inflorescences without sectorial sterility (Kato, 2002).  Presence of purple  
 pigmentation in plant tissue.    
Spontaneously doubled haploids – High fertility present in both the tassel and ear  
 inflorescences and a lack of hybrid vigor (Kato, 2002).  Lack of purple  
 pigmentation in plant tissue. 
 
Experiment 1 
  A procedure to artificially double chromosomes in haploid maize plants was 
developed and tested in 2009 by foliar applying herbicides containing active ingredients 
with anti-microtubule effects.  The ingredients in the herbicides used were isoxaben, 
trifluralin, and pendimethalin.  Twenty F1 populations were tested in this study.  F1 
populations are listed in Table 1 and were made from crosses of the inbred lines LH1, 
LH38, LH39, LH82, LH132, PHG47, PHG71, PHG83, PHZ51, PHW65, B47, IBO14, 
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MBNA and 11 proprietary lines designated Line 1-11.  All lines were induced using the 
haploid-inducing line Proprietary 1.   
 According to the developed procedure, putative haploid seeds were planted 
directly into the field at a rate of 150 seeds from each genotype for each herbicide and 
rate combination and 105 seeds from each genotype for the control.  When the majority 
of seedlings were between the two- and three-leaf stage, the three different herbicides 
were foliar applied.  At the three-leaf stage, three elongated leaves are present and the top 
of the fourth leaf appears at the center of the leaf whorl.  This stage is defined as V2 
(Ritchie et al., 1997).  Isoxaben was applied at the rate of 0.66 pounds per acre for rate 1 
and 1.32 pounds per acre for rate 2.  Pendimethalin was applied at the rate of 2.4 and 4.8 
pints per acre for rate 1 and rate 2, respectively.  One pint per acre of trifluralin was 
applied for rate 1 and 2 pints per acre for rate 2.  Rate 1 was determined by using the 
lowest recommended label rate, then doubled for rate 2.  Ten gallons of water per acre 
was used for mixing the herbicides.  Herbicides were mixed into two liter plastic bottles 
at the specified rates and applied using a CO2 backpack sprayer.  A hand held, four-
nozzle boom was used to apply the herbicides to the haploid plants.   
 At the time of flowering, plants were self pollinated if pollen was present as 
described by Chang and Coe (2009).  According to this technique, anthers are removed 
from the tassel and cut in half to force pollen grains out.  Pollen released from anthers in 
this manner can then be placed on silks.  On self pollinated plants, plant height 
(centimeters) and ear height (centimeters) data were recorded.  Number of seeds obtained 
per pollination was also obtained at harvest time.      
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Experiment 2 
 This experiment explored the lethal dose of herbicides that contained anti-
microtubule active ingredients.  Haploid and diploid B73 seeds were planted into flats in 
the green house at a rate of 30 seeds per treatment in the winter of 2009/2010.  Seeds 
containing haploid embryos were induced by RWS x RWK-76.  Treatments were a foliar 
application of isoxaben, trifluralin, and pendimethalin at three times the highest label 
rate.  Label rates were 2 pints per acre and 4.8 pints per acre for trifluralin and 
pendimethalin, respectively.  Isoxaben was applied at a rate of 1.33 pounds per acre.  A 
control was also included.  When the majority of seedlings were between emergence and 
the one-leaf stage, foliar treatment applications were applied.  At the one-leaf stage, one 
elongated leaf is present and the top of the second leaf appears at the center of the leaf 
whorl.  This stage is defined as VE (Ritchie et al., 1997).  Herbicides were mixed into 
two liter plastic bottles, assuming 10 gallons of water per acre, at the specified rates and 
applied using a CO2 backpack sprayer.  A single nozzle was used to apply the herbicides 
directly onto the haploid plants growing within the flats.  Counts of seedlings succumbing 
to the treatment effects were taken daily for two weeks.  After this time frame, no new 
seedling death was noted and plants were discarded.  
 
Experiment 3 
 This experiment explores artificial doubling rates when herbicides are applied in 
varying rates.  Putative haploid seeds obtained from induction crosses between B73 and 
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RWS x RWK-76 were planted into flats in the greenhouse at a rate of 60 seeds per 
treatment in 2010.  When the majority of seedlings were between emergence and the one-
leaf stage, foliar treatment applications were applied.  Herbicides were applied using the 
mixing and application procedures described in experiment 2.  Pronamide, 
pendimethalin, trifluralin, or isoxaben were used at the rates of 2 pounds per acre, 4.8 
pints per acre, 2 pints per acres, and 1.33 pounds per acre, respectively.  Rates of the 
herbicides were 0.5, 1, 1.5, 2, and 3 times the recommended labeling rate.  Based on 
results from experiment 2, 3X rate was not used for pendimethalin and trifluralin due to 
the high rate of seedling death.  Flats were placed in the greenhouse for approximately 
two week after foliar treatments so the plants could recover from the treatment. 
After the plants recovered from the treatments, they were transplanted into the 
field.  At the time of flowering, plants were self pollinated if pollen was present as 
described in experiment 1.  Self pollinated plants that produced seed at the time of 
harvest had ear length (centimeters), cob diameter (centimeters), and seeds obtained per 
pollination data recorded. 
 
Experiment 4 
In 2010, putative haploids from five different pedigrees were planted directly into 
the field at a rate of 78 haploid seeds per treatment.  Seeds containing haploid embryos 
were induced using RWS x RWK-76 and Proprietary 1.  Three F1 populations were also 
used.  F1 populations are listed in Table 7 and were made from crosses of the inbred lines 
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LH38, LH39, LH82, and two proprietary lines designated Line 9 and Line 11.  These 
three F1 populations were used in experiment 1.   
When the majority of seedlings were between emergence and the one-leaf stage, 
foliar treatment applications were applied.  Herbicides were applied at the label rate of 2 
pints per acre, 2 pounds per acre, and 2 quarts per acre for trifluralin, pronamide, and 
acetochlor, respectively.  Herbicides were mixed at a rate of 10 gallons of water per acre 
and applied in a similar manner as in experiment 2 and 3.  Herein, the herbicides were 
applied directly to the plants growing in the field.  Emerged plants were marked using a 
wooden stake and late emerging plants that escaped treatment were removed so only 
treated plants remained.  At the time of flowering, plants were self pollinated if pollen 
was present as described in experiment 1.  Self pollinated plants that produced seed at the 
time of harvest had plant height (centimeters), ear height (centimeters), ear length 
(centimeters), cob diameter (centimeters), and number of seeds obtained per pollination 
data recorded.   
    
Experimental design and statistical analysis           
 Experiments 1 and 2 were preliminary studies and were not designed for 
statistical analysis.  However, data from these experiments was used to set up the design 
of experiments 3 and 4.   
Experiment 3 was set up in a randomized complete block design with two 
replications.  All of the data was analyzed using this configuration.  Replications, rate, 
and the three chemicals were considered fixed effects and were tested using the residual 
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error in an analysis of variance.  Percent doubling was calculated by dividing the number 
of plants that produced seeds by the final plant number.  Comparisons between all pairs 
of least squares means, as indicated by LSD groupings, were calculated for percent 
doubling, percent selfed, number of seeds obtained, tassel branch number, ear length, and 
cob diameter for the rate x chemical interactions.  Tests were analyzed with significance 
level set at α = 0.05 unless otherwise noted.   
 Experiment 4 was set up in a split plot design with three replications.  
Replications and chemical were considered fixed effects and tested using the residual 
error in an analysis of variance.  Pedigree, nested within chemical, was also considered a 
fixed effect and tested using the residual error.  Comparisons between all pairs of least 
squares means were calculated for the phenotypic data on the chemical treatment effect.   
Tests were analyzed with significance level set at α = 0.05 unless otherwise noted. 
Details of the analysis used for the various traits in experiments 3 and 4 are 
detailed below.   
 
Percent doubling and percent selfed – Binomial distribution and the logit (canonical) link  
 function were used in the GLIMMIX procedure (SAS Institute Inc., 2008) to  
 calculate the F-tests and corresponding p-values.  Estimated means, corrected  
 for effects of other factors in the experiment, were subsequently back-transformed  
 using the ILINK statement (SAS Institute Inc., 2008).  Due to this correction and  
 transformation effect, mean percents reported are different from those calculated  
 from the actual data.   
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Seeds obtained and tassel branch number – The GLIMMIX procedure was used to  
 calculate F-tests and corresponding p-values.  A Poisson distribution and a log  
 (canonical) link function were used because the representative data were count  
 data.  Estimated means were corrected for effects of other factors in the  
 experiment and then back-transformed using the ILINK statement.  Means 
 reported have been corrected in this manner and are different from the means  
calculated from the actual data.   
Plant height, ear height, ear length, and cob diameter – Data were normally distributed  
  and analyzed in the GLIMMIX procedure to calculate F-tests and associated p- 
 values.  The LSMEANS statement (SAS Institute Inc., 2008) provided the  
 predicted least squares means of each treatment.  These means were corrected for  
 effects of other factors in the experiment.   
 
Results and Discussion 
 
Experiment 1 
 Percent doubling for the various chemical and rate treatments ranged from 6.68 
percent to 7.97 percent.  However, greater variation was seen among the different 
genotypes with a range of 0.00 to 28.57 percent.  Line 1 x Line2, Line 6 x Line 7, Line 9 
x Line 10, LH1 x Line 6, Line 9 x LH82, and Line 6 x LH 82 had the highest percent 
doubling rates across all treatments.  Genotypes with the highest doubling rates also had 
the highest percent selfed (Table 1). 
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 Variation in the average number of seeds obtained per ear was found among 
genotypes receiving various treatments.  When the reported averages were over 100 seeds 
obtained, it was due to one of the ears in that treatment producing a high number of seeds 
and not due to all of the ears producing over 100 seeds (Table 1).  The distribution of ears 
according to the number of seeds produced by treatment is shown in Table 2.  The 
majority of ears that produced seeds had less than 20 seeds per ear.  When more than 20 
seeds per ear were found, it occurred randomly throughout the genotypes and treatments 
tested.   
 
Experiment 2 
 Results for the ability of haploid and diploid seedlings to withstand a foliar 
treatment application from three different herbicides at 3X the recommended label rate 
are shown in Table 3.  Isoxaben showed no effects when applied to haploid or diploid 
seedlings.  However, pendimethalin caused seedling death for 10 haploid seedlings (40.0 
percent death) and 15 diploid seedlings (65.2 percent death).  Seedling death rate was 
found to be very different for haploids and diploids when trifluralin was applied.  
Twenty-seven haploid seedlings succumbed to the treatment, while only 3 diploid 
seedlings died.  This resulted in 90.0 percent lethality for haploid plants and 12.0 percent 
lethality for diploids.  This may suggest a greater tolerance to the anti-microtubule agent 
trifluralin for diploids, than for haploids.     
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Experiment 3 
 Effects of the treatments greatly lowered the sample size throughout the 
experiment.  A storm with high winds took place at the end of July 2010 in Ames that 
damaged many plants and thus reduced the sample size further.  All treatments showed a 
final stand below 30 plants; this was less than 50 percent of the initial sample size (Table 
5).  With this reduced sample size, standard errors were found to be very large and when 
calculating percent doubling, one plant could make a difference of about a 7 percent.   
 Main treatment effects for percent doubling showed no significant main effects 
for rate and the four different chemicals used (Table 4).  However, treatments isoxaben 
rate 1 and pronamide rate 1 resulted in the highest doubling rates of 41.64 percent and 
40.72 percent, respectively.  The control treatment had a percent doubling rate of 19.51 
percent (Table 5).   
Separation of treatment effects on percent selfed and number of seeds obtained 
per ear showed no significant differences for rate and chemical used (Table 4).    
Partitioning of treatment effects for number of tassel branches revealed a 
significant main effect for rate; however, no significant differences were found for the 
four chemicals used (Table 4).  This main effect was significant because the difference 
between the numbers of tassel branches for seedlings receiving no herbicide treatment to 
those that received an herbicide treatment was 9.67 tassel branches and 8.50 tassel 
branches, respectively (data not shown).   
Division of treatment effects on ear length showed no significant differences for 
rate and chemical used (Table 4).  However, when looking at the interactions between 
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main effects, significant differences (significant at p=0.05) were found for isoxaben at 
rate 0.5 and the control, isoxaben rate 1, isoxaben rate 2, trifluralin rate 1, pendimethalin 
rate 1.5, and pronamide rate 1.5.  Isoxaben rate 0.5 had a mean ear length of 9.28 
centimeters, while all others had a ear length less than 7.46 centimeters (Table 5).  
A significant main effect was found when separating treatment effects on cob 
diameter for the chemical trifluralin.  Rate and the other chemicals used showed no 
significant effects (Table 4).  However, isoxaben showed a significance level (p=0.0596) 
near the α = 0.05 level that was set for the experiment.  Averaging rates over the chemical 
used, cob diameter of the control, isoxaben, trifluralin, pendimethalin, and pronamide 
were 1.47 centimeters, 1.59 centimeters, 1.61 centimeters, 1.54 centimeters, and 1.44 
centimeters, respectively.       
 
Experiment 4 
 The wind storm that effected sample size in experiment 3 also affected sample 
size for experiment 4.  However, the results were less serious for experiment 4.  High 
rainfall totals were also a problem in Ames for the summer of 2010.  Due to this, the 
second replication of experiment 4 was not used because of the wet field conditions.  
Plants within this replication developed more slowly and in many cases, failed to produce 
an ear, thus rendering pollination impossible.  Also, seedlings that had not emerged by 
the time of treatment application were removed.  This again, affected sample size.  Using 
only the first and second replications, a total of 52 seeds were used per treatment.  
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Percent of initial sample size is based off this number.  Percent of initial sample size for 
the various chemical treatments ranged from 40.00 percent to 53.08 percent (Table 7).  
 Partitioning of treatment effects on percent doubling revealed a non-significant 
main effect for chemical and pedigree (chemical) (Table 6).  When averaging doubling 
frequencies of the five genotypes used over the chemical treatments, frequencies of 5.21 
percent, 12.29 percent, 7.72 percent, and 8.35 percent were seen for the control, 
pronamide, trifluralin, and acetochlor treatments, respectively (Table 7). 
 There was no significant effect of the chemical or genotype (chemical) main 
effects for percent selfed and number of seeds obtained per ear (Table 6).  However, 
chemical treatments that had the highest percent selfed also had the highest percent 
doubling.  Chemical treatments that had the highest percent doubling also had a higher 
number of seeds per ear (Table 7).   
 Main chemical treatment effect revealed non-significant effects on number of 
tassel branches, plant height, ear height, and ear length but a significant effect was found 
for cob diameter (Table 6).  When plant height was averaged over chemical, a significant 
difference was found for pronamide from trifluralin and acetochlor.  Pronamide had a 
lower mean plant height of 92.01 centimeters, while trifluralin and acetochlor had mean 
plant heights of 105.91 centimeters and 109.59 centimeters (significant at p=0.05).  Main 
chemical effect was significant for ear diameter because acetochlor had an mean ear 
diameter of 1.59 centimeters, whereas pronamide and trifluralin had mean ear diameters 
of 1.29 centimeters and 1.19 centimeters, respectively (Table 7). 
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 Pedigree (chemical) main treatment effect was significant for number of tassel 
branches, plant height, ear height, ear length, and cob diameter (Table 6).  This variation 
was expected because different genotypes have different phenotypes.    
    
Conclusions 
 
 On average, doubling frequencies found from experiments 1, 3, and 4 closely 
resembled spontaneous doubling frequencies reported in the literature.  Even though a 
foliar application of an anti-microtubule herbicide is fast and convenient, findings from 
these experiments suggest they do not promote chromosome doubling in haploid maize 
seedlings.  However, herbicides containing anti-microtubule agents as active ingredients 
could potentially be chromosome doubling agents.  Data presented for in vitro processes 
confirm their effectiveness at doubling chromosome numbers.  Further investigation and 
research should be performed for this reason.       
Significant differences were found among treatments in these experiments for 
plant development.  This showed that the foliar application of anti-microtubule herbicides 
inhibited and promoted plant growth.  Significant differences were also found between 
genotypes in experiment 4.  This was expected as different genotypes produce different 
phenotypes.  
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Table 1. Means for percent doubling, percent selfed, and seeds obtained per ear for 20 genotypes 
in 2009. 
 
Genotype 
Treatment Final  
stand  
Doubled 
plants 
Percent  
doubled  
Percent  
selfed 
Seeds  
obtained Chemical Rate 
Line 1 x  
Line 2 
Control ----- 64 11 17.19 25.00 5.73 
Isoxaben 1 75 21 28.00 34.67 10.48 
2 80 14 17.50 20.00 5.93 
Trifluralin 1 95 27 28.42 34.74 17.22 
2 70 20 28.57 37.14 10.05 
Pendimethalin 1 95 17 17.89 21.05 6.24 
2 86 18 20.93 24.42 17.44 
PHW65 x  
Line 3 
Control ----- 61 1 1.64 1.64 1.00 
Isoxaben 1 84 0 0.00 1.19 ----- 
2 91 1 1.10 2.20 2.00 
Trifluralin 1 48 1 2.08 2.13 11.00 
2 43 1 2.33 2.33 10.00 
Pendimethalin 1 107 1 0.93 1.87 6.00 
2 106 2 1.89 2.83 38.50 
B47 x  
Line 4 
Control ----- 33 0 0.00 3.03 ----- 
Isoxaben 1 45 0 0.00 6.67 ----- 
2 46 3 6.52 6.52 13.33 
Trifluralin 1 48 1 2.08 2.08 3.00 
2 43 1 2.33 6.98 1.00 
Pendimethalin 1 48 4 8.33 12.50 2.75 
2 39 0 ----- 0.00 ----- 
IB014 x  
Line 4 
 
Control ----- 66 0 ----- 0.00 ----- 
Isoxaben 1 92 2 2.17 3.26 23.00 
2 84 0 0.00 2.38 ----- 
Trifluralin 1 92 1 1.09 1.09 1.00 
2 113 0 0.00 1.77 ----- 
Pendimethalin 1 99 2 2.02 2.02 45.00 
2 113 1 0.88 3.54 1.00 
Line 4 x 
LH132 
Control ----- 73 2 2.74 2.74 4.50 
Isoxaben 1 103 7 6.80 7.77 5.57 
2 101 3 2.97 6.93 8.33 
Trifluralin 1 110 3 2.73 2.73 5.00 
2 95 1 1.05 4.21 7.00 
Pendimethalin 1 104 1 0.96 1.92 7.00 
2 108 0 0.00 0.93 ----- 
PHG71 x 
Line 5 
Control ----- 77 1 1.30 1.30 2.00 
Isoxaben 1 92 1 1.09 1.09 2.00 
2 108 2 1.85 2.78 1.50 
Trifluralin 1 116 0 ----- 0.00 ----- 
2 111 0 0.00 0.90 ----- 
Pendimethalin 1 120 1 0.83 0.83 6.00 
2 113 1 0.88 1.77 14.00 
Line 5 x 
PHW65 
Control ----- 78 2 2.56 2.56 12.00 
Isoxaben 1 117 1 0.85 2.56 8.00 
2 108 2 1.85 1.85 189.50 
Trifluralin 1 126 2 1.59 1.59 14.00 
2 116 1 0.86 1.72 2.00 
Pendimethalin 1 102 0 ----- 0.00 ----- 
2 111 1 0.90 0.90 8.00 
Percent doubled based on plants that produced seeds divided by final stand count and multiplied 
by 100. 
Percent selfed based on plants that were selfed divided by final stand count and multiplied by 
100. 
70 
 
 
Table 1. (continued) 
 
 
Genotype 
Treatment Final  
stand 
Doubled 
plants 
Percent  
doubled  
Percent  
selfed 
Seeds  
obtained Chemical Rate 
Line 6 x  
PHW65 
Control ----- 62 0 ------ 0.00 ----- 
Isoxaben 1 115 8 6.96 7.83 23.88 
2 93 13 13.98 15.05 49.23 
Trifluralin 1 108 16 14.81 16.67 39.69 
2 96 12 12.50 14.58 18.58 
Pendimethalin 1 117 9 7.69 8.55 33.67 
2 115 7 5.60 9.60 29.86 
Line 6 x  
LH82 
Control ----- 75 6 8.00 13.33 11.00 
Isoxaben 1 97 16 16.49 22.68 18.81 
2 90 18 20.00 23.33 11.39 
Trifluralin 1 103 16 15.53 21.36 27.38 
2 96 17 17.71 20.83 15.06 
Pendimethalin 1 118 20 16.95 22.03 28.95 
2 93 19 20.43 22.58 20.79 
LH1 x 
Line 6 
Control ----- 47 7 14.89 25.53 27.00 
Isoxaben 1 76 18 23.68 31.58 40.89 
2 85 17 20.00 30.59 29.71 
Trifluralin 1 92 14 15.22 15.22 31.57 
2 71 10 14.08 19.72 27.40 
Pendimethalin 1 77 9 11.69 16.88 27.78 
2 83 12 14.46 15.66 39.83 
Line 6 x  
Line 7 
Control ----- 82 22 26.83 32.93 17.27 
Isoxaben 1 95 17 17.89 18.95 25.76 
2 90 12 13.33 22.22 27.33 
Trifluralin 1 108 10 9.26 18.52 12.40 
2 117 17 14.43 15.38 15.59 
Pendimethalin 1 114 19 16.67 25.44 25.53 
2 112 26 23.21 23.21 16.19 
PHZ51 x 
Line 7 
Control ----- 72 3 4.17 4.17 63.33 
Isoxaben 1 101 1 0.99 4.95 2.00 
2 116 4 3.45 4.31 33.00 
Trifluralin 1 116 1 0.86 4.31 9.00 
2 112 4 3.57 3.57 194.25 
Pendimethalin 1 113 8 7.08 7.08 72.38 
2 116 5 4.31 6.90 35.40 
LH82 x 
Line 8 
Control ----- 76 6 7.89 9.21 4.67 
Isoxaben 1 105 7 6.67 7.62 2.71 
2 105 6 5.71 10.48 2.83 
Trifluralin 1 121 2 1.65 8.26 2.50 
2 114 7 6.14 7.02 63.71 
Pendimethalin 1 125 4 3.20 7.20 5.75 
2 122 5 4.10 7.38 5.00 
Line 9 x 
LH82 
Control ----- 77 14 18.18 19.48 10.14 
Isoxaben 1 107 20 18.69 25.23 7.15 
2 102 21 20.59 25.49 10.62 
Trifluralin 1 111 16 14.41 20.72 8.81 
2 107 20 18.69 28.04 26.80 
Pendimethalin 1 97 17 17.53 18.56 9.65 
2 116 26 19.83 24.14 5.22 
Percent doubled based on plants that produced seeds divided by final stand count and multiplied 
by 100. 
Percent selfed based on plants that were selfed divided by final stand count and multiplied by 
100. 
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Table 1. (continued) 
 
 
Genotype 
Treatment Final  
stand 
Doubled 
plants 
Percent  
doubled  
Percent  
selfed 
Seeds  
obtained Chemical Rate 
Line 9 x 
Line 10 
Control ----- 76 9 11.84 18.42 19.11 
Isoxaben 1 108 17 15.74 25.00 9.24 
2 117 18 15.38 23.08 10.39 
Trifluralin 1 131 23 17.56 23.66 19.04 
2 110 17 15.45 19.09 10.88 
Pendimethalin 1 114 17 14.91 19.30 17.06 
2 110 20 18.18 23.64 20.90 
MBNA x 
Line 10 
Control ----- 73 3 4.11 8.22 4.00 
Isoxaben 1 116 8 6.90 7.76 15.13 
2 111 0 0.00 8.11 ----- 
Trifluralin 1 120 1 0.83 4.17 1.00 
2 109 3 2.75 5.50 3.33 
Pendimethalin 1 113 5 4.42 7.08 9.00 
2 124 6 4.84 5.65 3.67 
PHG83 x  
Line 10 
Control ----- 72 0 0.00 1.39 ----- 
Isoxaben 1 108 7 6.48 7.41 8.57 
2 120 1 0.83 2.50 8.00 
Trifluralin 1 130 2 1.54 3.08 5.00 
2 116 3 2.59 2.59 4.00 
Pendimethalin 1 129 2 1.55 2.33 48.50 
2 128 3 2.34 2.34 109.00 
LH38 x 
Line 11 
Control ----- 75 2 2.67 4.00 3.50 
Isoxaben 1 106 1 0.94 2.83 1.00 
2 110 3 2.73 6.36 117.33 
Trifluralin 1 107 3 2.80 3.74 152.33 
2 108 3 2.78 4.63 3.67 
Pendimethalin 1 93 4 4.30 5.38 8.75 
2 110 2 1.82 3.64 13.50 
PHG47 x 
Line 11 
Control ----- 63 2 3.17 9.52 10.50 
Isoxaben 1 99 2 2.02 2.02 3.00 
2 95 3 3.16 5.26 35.33 
Trifluralin 1 95 2 2.11 2.11 9.50 
2 103 3 2.91 3.88 8.67 
Pendimethalin 1 99 2 2.02 4.04 8.50 
2 104 3 2.88 2.88 5.67 
LH39 x 
Line 11 
Control ----- 71 1 1.41 2.82 1.00 
Isoxaben 1 104 1 0.96 2.88 2.00 
2 110 0 0.00 2.73 ----- 
Trifluralin 1 103 1 0.97 3.88 1.00 
2 102 2 1.96 2.94 167.50 
Pendimethalin 1 100 0 0.00 2.00 ----- 
2 97 2 2.06 3.09 3.50 
Total / average Control ----- 1373 92 6.70 9.40 14.40 
Isoxaben 1 1945 155 7.97 10.80 16.08 
2 1962 141 7.19 10.81 22.94 
Trifluralin 1 2126 142 6.68 9.60 22.84 
2 2016 142 7.04 9.42 25.12 
Pendimethalin 1 2084 142 6.81 9.12 21.78 
2 2116 156 7.37 9.22 19.60 
Percent doubled based on plants that produced seeds divided by final stand count and multiplied 
by 100. 
Percent selfed based on plants that were selfed divided by final stand count and multiplied by 
100. 
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Table 2. Five groupings for the number of doubled haploid seeds obtained per ear and the 
number of ears per group for 20 genotypes tested in 2009 for seven different treatments.     
 
 
Number of seeds 
 
Control 
Isoxaben Trifluralin Pendimethalin 
Rate 1 Rate 2 Rate 1 Rate 2 Rate 1 Rate 2 
1-5 38 66 54 48 63 47 51 
6-10 21 27 28 20 25 24 28 
11-15 6 18 12 17 15 17 24 
16-20 12 8 5 9 7 11 11 
21+ 17 36 42 48 34 43 42 
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Table 3. Mortality rate of haploid and diploid B73 plants in 2009 resulting from a foliar 
treatment application of three different herbicides at three times the label rate.   
 
Ploidy 
level 
 
Chemical 
 
Planted  
 
Germinated 
Seedling 
death 
Final 
stand 
Percent 
death 
Haploid Control 30 29 0 29   0.0 
Isoxaben 30 25 0 25   0.0 
Pendimethalin 30 25 10 15 40.0 
Trifluralin 30 30 27 3 90.0 
Diploid Control 30 25 0 25   0.0 
Isoxaben 30 29 0 29   0.0 
Pendimethalin 30 23 15 8 65.2 
Trifluralin 30 25 3 22 12.0 
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Table 4. Table of F-values from type III tests of fixed treatment effects. 
 
 
Effect 
Percent 
doubled 
Percent 
selfed 
Seeds 
obtained 
Tassel 
branches 
Ear 
length 
Cob 
diameter 
Rate 0.02 0.20 0.18 6.55* 0.02 2.11 
Isoxaben 0.35 0.09 0.37 0.01 0.89 3.67 
Trifluralin 0.16 0.79 0.37 0.68 2.19 4.17* 
Pendimethalin 0.02 0.19 0.47 0.53 0.89 1.25 
Pronamide 0.12 0.00 1.65 0.00 0.41 0.14 
* Significant at the 0.05 probability level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5. Comparisons of all pairs of least squares means, from 2010, by treatment interaction for six phenotypic traits on 
B73-(n). 
 
 
Chemical 
 
Rate 
 
Stand 
 
Doubled 
Percent of initial 
sample size 
Percent 
doubled 
Percent 
selfed 
Seeds 
obtained 
Tassel 
branches 
Ear 
length 
Cob 
diameter 
Control ----- 25 5 41.67 19.51 a   35.72 a 22.88 a   9.72 ab 6.94 b 1.47 ab 
Isoxaben  0.5 15 3 25.00 17.89 a   24.89 a 34.55 a   8.52 ab 9.28 a 1.59 ab 
1 19 8 31.67 41.64 a   47.10 a 18.17 a   8.88 ab 6.70 b 1.79 a 
1.5 16 3 26.67 16.63 a   29.19 a 11.66 a   9.28 ab 8.51 ab 1.59 ab 
2 15 4 25.00 28.12 a   41.42 a 18.30 a   7.95 b 7.46 b 1.34 b 
3 16 4 26.67 25.30 a   31.61 a 22.32 a   6.99 b 8.17 ab 1.63 ab 
Trifluralin 0.5 27 9 45.00 31.61 a   43.21 a 41.38 a 10.67 a 8.27 ab 1.73 a 
1 23 3 38.33 11.94 a   24.87 a 12.04 a   9.39 ab 6.89 b 1.50 ab 
1.5 25 6 41.67 23.87 a   44.13 a 35.99 a   8.89 ab 8.52 ab 1.71 a 
2 14 4 23.33 26.11 a   48.01 a 47.67 a   8.52 ab 8.08 ab 1.49 ab 
Pendimethalin 0.5 22 4 36.67 19.34 a   23.79 a 13.23 a   8.18 ab 8.40 ab 1.50 ab 
1 16 2 26.67 11.26 a   11.65 a   6.65 a   7.99 ab 7.77 ab 1.56 ab 
1.5 17 6 28.33 36.14 a   53.78 a 18.36 a   7.63 b 6.96 b 1.51 ab 
2 17 3 28.33 17.55 a   23.56 a 31.54 a   8.50 ab 8.10 ab 1.58 ab 
Pronamide 0.5 17 1 28.33   5.49 a   22.79 a 19.35 a   9.83 ab 8.66 ab 1.45 ab 
1 13 5 21.67 40.72 a   47.91 a 12.87 a   8.63 ab 7.62 ab 1.51 ab 
1.5 27 4 45.00 14.17 a   25.38 a 10.41 a   9.17 ab 7.08 b 1.36 b 
2 6 0 10.00 -----   31.86 a ----- ----- ----- ----- 
3 1 0 1.67 ----- 100.00 a ----- ----- ----- ----- 
Entries not sharing a common letter are significantly different at 0.05 probability level. 
Percent doubled based on plants that produced seeds divided by final stand count and multiplied by 100. 
Percent selfed based on plants that were selfed divided by final stand count and multiplied by 100. 
Percent of initial sample size based on the final stand divided by the initial number of seeds planted and multiplied by 100. 
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Table 6.  Table of F-values from type III tests of fixed treatment effects. 
 
 
Effect 
Percent 
doubling 
Percent 
selfed 
Seeds 
obtained 
Tassel 
branches 
Plant 
height 
Ear 
height 
Ear 
length 
Cob 
diameter 
Chemical 0.00 0.69 0.94 0.36 2.73 0.31 0.68 5.93** 
Pedigree 
(chemical) 
0.63 1.00 1.37 4.17** 5.61*** 2.32* 4.77*** 4.44** 
*, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively.   
 
 
 
Table 7. Comparisons for all pairs of least squares means, from 2010, by chemical treatment for eight phenotypic traits for five pedigrees. 
 
 
 
 
Pedigree 
 
 
 
Inducer 
source 
 
 
 
 
Treatment 
 
 
 
Final 
stand 
 
 
 
 
Doubled 
Percent 
of 
initial 
sample 
size 
 
 
 
Percent 
doubled 
 
 
 
Percent 
selfed 
 
 
 
Seeds 
obtained 
 
 
 
Tassel 
branches 
 
 
 
Plant 
height 
 
 
 
Ear 
height 
 
 
 
Ear 
length 
 
 
 
Cob 
diameter 
LH38 x 
Line 11 
Proprietary Control 31 1 59.62   3.23   9.34   1.44   7.97   76.36 37.33   6.04 1.07 
Pronamide 28 0 53.85 ----- 11.15 ----- ----- ----- ----- ----- ----- 
Trifluralin 23 1 44.23   4.26 12.95   2.87 13.29   86.36 37.33   5.89 0.85 
Acetochlor 26 1 50.00   3.79 11.36   1.44   7.09   91.36 27.33   9.24 1.04 
LH39 x 
Line 11 
Proprietary Control 35 1 67.31   2.80 14.16   0.70 14.68 108.64 47.67 12.67 1.65 
Pronamide 33 2 63.46   5.84 12.29 31.42 13.40   65.00 37.50 12.49 1.04 
Trifluralin 36 2 69.23   5.43   8.28   3.75 10.42 100.00 40.00   7.46 0.92 
Acetochlor 29 0 55.77 ----- 17.34 ----- ----- ----- ----- ----- ----- 
Line 9 x 
LH82 
Proprietary Control 41 3 78.85   7.20 14.49   5.27   2.66   93.06 47.33   8.99 1.35 
Pronamide 20 5 38.46 22.69 33.19 10.42   3.89   72.82 30.40   8.62 1.35 
Trifluralin 36 5 69.23 13.64 33.43   4.43   5.04 104.27 43.67 11.57 1.44 
Acetochlor 38 6 73.08 15.17 32.40   3.81   6.48   95.18 42.60 11.59 1.58 
B73 Proprietary Control 16 0 30.77 ----- ----- ----- ----- ----- ----- ----- ----- 
Pronamide 9 2 17.31 19.89 25.18 11.49   7.09 131.36 57.33   5.70 1.39 
Trifluralin 17 0 32.69 -----   5.44 ----- ----- ----- ----- ----- ----- 
Acetochlor 11 1 21.15   9.12 26.67 44.52 10.63 131.36 57.33   6.96 2.18 
B73 RWS x 
RWK-76 
Control 15 2 28.85 12.81 20.48   5.63   9.93 122.50 50.00   6.97 1.50 
Pronamide 14 2 26.92 13.01 31.03   5.74 10.19   98.86 42.33   5.94 1.39 
Trifluralin 19 3 36.54 15.29 16.04 12.45   8.86 133.03 64.00   5.90 1.55 
Acetochlor 22 3 42.31 13.69 22.16 16.26   7.95 120.45 49.11   7.82 1.55 
Total / average Control 138 7 53.08   5.21 a 11.69 a   2.33 a   7.45 a 100.13 ab  45.58 a   8.67 a 1.40 ab 
Pronamide 104 11 40.00 12.29 a 22.57 a 12.13 a   7.83 a   92.01 b 41.89 a   8.18 a 1.29 b 
Trifluralin 131 11 50.38   7.72 a 15.23 a   4.94 a   8.87 a 105.91 a 46.20 a   7.71 a 1.19 b 
Acetochlor 126 11 48.46   8.35 a 21.99 a   7.93 a   7.89 a 109.59 a 44.09 a   8.90 a 1.59 a 
Entries not sharing a common letter are significantly different at 0.05 probability level. 
Percent doubled based on plants that produced seeds divided by final stand count and multiplied by 100. 
Percent selfed based on plants that were selfed divided by final stand count and multiplied by 100. 
Percent of initial sample size based on the final stand divided by the initial number of seeds planted and multiplied by 100. 
7
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CHAPTER 5. CONFIRMATION OF DOUBLED HAPLOID MAIZE 
(Zea mays L.) LINES DERIVED FROM VIGOROUS MATERNAL 
HAPLOID PLANTS 
 
Introduction 
 
 Production of hybrid varieties in maize involves development of inbred lines 
selected to combine desirable characters into the hybrid progeny (Russell and Vega, 
1973).  In the past decade, an increased number of inbred lines contributing to these 
hybrid varieties have been developed by a means of doubled haploids (Röber et al., 2005; 
Geiger, 2009; Geiger and Gordillo, 2009) due to doubled haploid production methods 
resulting in fixed, pure breeding lines in fewer seasons (Szarejko and Forster, 2007; 
Chang and Coe, 2009; Geiger and Gordillo, 2009) than the traditional selfing method.   
 One method of doubled haploid line production utilizes haploid in vivo induction, 
resulting in maternal or paternal haploids.  Genomes of the maternal haploids are 
exclusively derived from the seed parent plant (Röber et al., 2005) and induction is 
caused by the pollen parent (Coe, 1959).  The reverse pertains to paternal haploids, where 
the female line serves as the haploid inducer and the pollinator is the genome donor 
(Kermicle, 1969).  In this study, maternal haploids generated from haploid-inducing lines 
will be used.   
 Maternal haploids obtained from the in vivo induction process have very distinct 
physical characteristics.  Haploid plants are smaller and less vigorous than their diploid 
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counterparts (Chase, 1952; Chalyk, 1994).  Chase (1969) described these haploid plants 
as having narrow leaves that often contain white stripes.  He also noted these plants 
exhibited less tolerance to stress and had highly sterile male and female inflorescences, 
with occasional sectorial restoration of fertility on the male and/or female 
inflorescence(s).  Lack of fertility in the male and female inflorescences revealed 
spontaneous chromosome doubling rates that have been reported to range from 0 to 10 
percent (Chase, 1969; Beckert, 1994; Deimling et al., 1997; Kato, 2002) when 
considering both male and female inflorescences.  However, spontaneously doubled 
haploid plants show high fertility in both male and female inflorescences but lack hybrid 
vigor (Kato, 2002).  Haploid plants that undergo chromosome doubling produce ears 
possessing at least a few seeds (Chalyk, 1994; Geiger, 2009).   
 In 2009, vigorous plants were observed in haploid rows that did not fit the criteria 
for F1 hybrids from a cross between the maternal line and the inducer or the criteria for 
spontaneous doubled haploids.  These plants also produced more seed.  In this study, 
seeds obtained from doubled haploid plants believed to be vigorous haploids were 
planted and the progeny evaluated for uniformity to confirm maternal haploid orgin. 
 
Materials and Methods 
 
 Seeds containing haploid embryos were induced from three F1 populations, using 
a proprietary haploid-inducing line in 2008.  The three F1 populations were PHZ51 x 
Line 1, Line 2 x LH82, and Line 3 x LH82.   
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 Identification of maternal haploid seeds was performed by using the dominant 
anthocyanin marker R1-nj (Nanda and Chase, 1966; Greenblatt and Bock, 1967; Chase, 
1969; Neuffer et al., 1997; Röber, 1999; Eder and Chalyk, 2002).  Haploids and non-
haploids were identified at the seed stage using the following criteria. 
 
Hybrids – The R1-nj gene causes the aleurone layer of the endosperm and the scutellum  
 of the embryo to express a purple pigmentation in these seeds.   Endosperm is  
 of the normal triploid type and a normal diploid embryo is present.   
Haploids – Pigmentation is expressed in the aleurone layer but is absent from the  
 scutellum.  These seeds contain normal triploid endosperm and a haploid maternal  
 embryo. 
Aborted – Seeds express pigmentation in the scutellum of the embryo and the endosperm  
 is non-pigmented.  This occurs when the egg cell is fertilized but not the central  
 cell, resulting in a normal diploid embryo and non-normal diploid endosperm.   
 Abortion occurs early in seed development.   
Outcrossed/Accidental Self – Seeds lack pigmentation in the aleurone layer and the  
 scutellum but develop normally.  This type is easily identified and can be  
 discarded. 
 
 In 2009, putative haploids were planted to the field and underwent an artificial 
chromosome doubling process utilizing a foliar treatment application from herbicides 
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containing anti-microtubule active ingredients.  The final identification of haploid plants 
was performed in the field prior to self pollinating using the following criteria. 
 
Haploids – Plants having narrow leaves that often contain white stripes and high sterility  
 in both tassel and ear inflorescences with occasional fertility restoration in  
 sectors on the tassel and ear (Chase, 1969).  Lack of purple pigmentation in plant  
 tissue. 
Hybrids – Plants expressing hybrid vigor and a high fertility in both the tassel and ear  
 inflorescences without sectorial sterility (Kato, 2002).  Presence of purple  
 pigmentation in plant tissue.    
Spontaneously doubled haploids – High fertility present in both the tassel and ear  
 inflorescences and a lack of hybrid vigor (Kato, 2002).  Lack of purple  
 pigmentation in plant tissue. 
 
 In 2009, vigorous plants were found throughout the field identification process 
that did not meet the above criteria.  These plants were self pollinated and plant height 
(centimeters) and ear height (centimeters) data were obtained.  Number of seeds obtained 
from each plant was also recorded following harvest.   
 In 2010, doubled haploid seeds that were recovered from haploid plants with a 
seed set greater than 20 seeds, or a large plant size, were planted to the field.  Ten seeds 
of each putative doubled haploid breeding line were planted to a row.  Our hypothesis 
was that each line was believed to be a fixed, pure breeding line; therefore, plants within 
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a row were screened for uniformity for phenotypic traits such as plant height, ear height, 
anther color, silk color, and overall appearance.  All plants were self-pollinated and plant 
height, ear height, and number of seeds obtained from each plant were recorded.   
 Correlations between haploid plant phenotype (2009) and the phenotype of its 
progeny (2010) were made for the recorded traits.  Correlations were calculated using the 
CORR procedure (SAS Institute Inc., 2008) and the corresponding Pearson Correlation 
Coefficients, simple statistics, and p-values were obtained.  All correlation tests were 
analyzed with a significance level set at α = 0.05.  Scatter plots were produced for plant 
height, ear height, and seeds obtained by plotting haploid phenotype data on the X axis 
and breeding line phenotype data on the Y axis.   
    
Results and Discussion 
 
 When viewing such traits as plant height, ear height, anther color, silk color, and 
the overall appearance of plants within a row, a lack of segregation was observed for all 
putative breeding lines.  The lack of segregation supported the hypothesis that the 
vigorous plants in question were indeed true haploids, the seeds obtained from these 
haploid plants were doubled haploid type, and the breeding lines were fixed, pure lines.   
 Correlations calculated for plant height across all three genotypes showed a 
significant relationship (p <0.0001) between the haploid plant and the derived doubled 
haploid breeding line.  A scatter plot showing this plant height relationship (Figure 1A) 
showed a R
2 
value of 0.18 (Table 1). 
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 Correlation for ear height showed a marginally significant relationship (p = 
0.0489) between the haploid plant and the derived doubled haploid breeding line, and a 
R
2 
value of 0.03 (Table 1). The scatter plot showing this relationship (Figure 1B) 
illustrates the weakness of the association. 
 However, the correlation of seed set from the haploid plants with that of their 
respective doubled haploid progeny were non-significant.  The scatter plot examining this 
relationship (Figure 1C) showed a random distribution of data points and a R
2 
value of 
1.7x10
-4 
(Table 1).  This is expected, as the doubled haploid line is an uncompromised 
diploid entity. 
 R
2 
values for the three phenotypic traits studied were very low; possibly due to 
small sample size.  A larger sample size with more data points could possibly result in a 
significant R
2
.  
   
Conclusions 
 
  No segregation was observed in the breeding lines studied.  This confirmed that 
the lines derived from true, vigorous maternal haploid plants that did not fit the normal 
description of a haploid plant.  Plants that show a high rate of fertility and large plant size 
pose issues for identification of haploid plants that do not conform to expectations, and 
caution must be exercised while determining their status.       
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Table 1. Simple statistics and Pearson Correlation Coefficients comparing haploid plants from three F1 populations to their 
respective doubled haploid breeding lines for three phenotypic traits.   
 
Phenotypic 
trait 
Plant type Plants 
examined  
Mean Standard 
deviation 
Maximum 
value 
Minimum 
value 
R R
2 
p-value 
Plant height Haploid 136 142.20 24.58 209 87 0.42 0.18 <0.0001 
Inbred 
line 
136 136.47 19.80 170 85 0.42 0.18 <0.0001 
Ear  
height 
Haploid 136 51.51 16.36 96 25 0.17 0.03 0.0489 
Inbred 
line 
136 58.24 12.77 85 25 0.17 0.03 0.0489 
Seed  
set 
Haploid 130 60.12 59.31 292 20 -0.01 1.7x10
-4 
0.8821 
Inbred 
line 
130 155.85 131.89 602 1 -0.01 1.7x10
-4 
0.8821 
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Figure 1.  Distribution of plant height (A), ear height (B), and seed set (C) for haploid plants from 
three F1 populations to their respected breeding line 
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CHAPTER 6. IN VIVO HAPLOID INDUCTION IN MAIZE (Zea mays 
L.) FOR THREE HAPLOID-INDUCING LINES LEADING TO 
MATERNAL HAPLOIDS  
 
Introduction 
  
 In the past decade, development of maize breeding lines using doubled haploids 
has become a widely used tool in research and breeding (Röber et al., 2005).  This is 
because doubled haploid technology generates immediately fixed, pure inbred lines 
(Szarejko and Forster, 2007; Chang and Coe, 2009; Geiger and Gordillo, 2009).  The 
most effective method of obtaining seeds with haploid embryos for creation of doubled 
haploid lines has come from genetic induction (Chang and Coe, 2009).  Genetic induction 
can give rise to maternal or paternal haploids.  In this study, haploid-inducing lines are 
used for generating maternal haploids.  Genomes of these maternal haploids are 
exclusively derived from the seed parent plant (Röber et al., 2005) and induction is 
caused by the pollinating parent (Coe, 1959). 
 Spontaneous haploid induction rates were reported by Chase (1949) to range from 
one haploid in every 145 seeds to one haploid in every 3275 seeds.  Chase (1952) also 
reported spontaneous haploid induction rates for material in the United States Corn Belt 
region are ~1 haploid in every 1000 seeds.  With these low spontaneous haploid 
induction rates, breeding with haploids was thought to be impractical (Geiger, 2009).  
However, Coe (1959) developed an inbred haploid-inducing line known as Stock 6.  This 
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inbred haploid-inducing line had an induction rate of 2 to 3 percent.  The introduction of 
this line made it feasible to obtain enough haploids to make haploid breeding practical. 
 The haploid-inducing line RWS (Röber et al., 2005) has been found to be the 
most effective of the currently available inducer lines (Geiger, 2009) with an induction 
rate of ~8 percent.  It was derived from the cross between KEMS (Shatskaya et al., 1994) 
and WS14 (Lashermes and Beckert, 1988).  RWK-76, a sister line, was also developed 
from the reciprocal cross and shows an induction rate of ~9 percent (Geiger, 2009).  The 
cross RWS x RWK-76 is preferred over RWS and RWK-76 because it is more vigorous 
and shows an induction rate of 9 to 10 percent (Geiger, 2009).  
 Two hypotheses have been proposed for the mechanisms behind haploid 
induction.  This first hypothesis states that one of the two sperm cells coming from the 
inducer line pollen is defective but is still capable of fusing to the egg cell.  During cell 
division, chromosomes from the inducer parent deteriorate and are eliminated from the 
primordial cells.  The second sperm cell fuses normally to the central cell.  Experimental 
support for this premise has come from Wedzony et al. (2002).   
 In the second hypothesis, the sperm cell intended for the egg cell is unable to fuse 
to the egg.  This activates haploid embryogenesis.  The second sperm cell fuses normally 
to the central cell as suggested in the first hypothesis.  Experimental support for this 
premise has come from Chalyk et al. (2003).   
 With the information supporting each hypothesis, the mechanism of haploid 
induction is still not fully understood (Röber et al., 2005; Chang and Coe, 2009; Geiger, 
2009).  However, there is some evidence that chromosome elimination may be involved 
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(Röber et al., 2005).   In interspecific crosses of wheat x pearl millet and barley x 
Hordeum bulbosum, Gernand et al. (2004) actually showed that inducer chromosomes 
degenerate and are eliminated from the cells about three weeks after pollination.    
 In this study, seeds containing haploid embryos were induced by three haploid-
inducing lines onto a single maternal genotype.  Induction rates and ease of haploid 
identification at the dormant and field stage was compared for these haploid-inducing 
lines.   
 
Materials and Methods 
 
 Three haploid-inducing lines were tested to compare the relative effectiveness of 
identifying seeds with haploid embryos (produced from haploid induction crosses) at the 
dormant (seed) stage and identifying haploid plants at the field stage.  The induction rates 
from the three lines were also compared.  The haploid-inducing lines used were RWS x 
RWK-76, and two proprietary lines designated Proprietary 1 and Proprietary 2.  B73 
(Russell, 1972) was used as the maternal genotype.  Approximately 2100 induction 
crosses were made using RWS x RWK-76 and 10 induction crosses were made for each 
proprietary haploid-inducing line.  More induction crosses were made using RWS x 
RWK-76 to obtain sufficient haploid seeds for other experiments.    
 Identification of haploids was performed at the dormant stage by means of the 
anthocyanin marker gene, R1-nj (Nanda and Chase, 1966; Greenblatt and Bock, 1967; 
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Chase, 1969; Neuffer et al., 1997; Röber, 1999; Eder and Chalyk, 2002).  Haploids and 
non-haploids were identified using the following criteria.   
 
Hybrids – The R1-nj gene causes the aleurone layer of the endosperm and the scutellum  
 of the embryo to express a purple pigmentation in these seeds.   Endosperm is  
 of the normal triploid type and a normal diploid embryo is present.   
Haploids – Pigmentation is expressed in the aleurone layer but is absent from the  
 scutellum.  These seeds contain normal triploid endosperm and a haploid maternal  
 embryo. 
Aborted – Seeds express pigmentation in the scutellum of the embryo and the endosperm  
 is non-pigmented.  This occurs when the egg cell is fertilized but not the central  
 cell, resulting in a normal diploid embryo and non-normal diploid endosperm.   
 Abortion occurs early in seed development.   
Outcrossed/Accidental Self – Seeds lack pigmentation in the aleurone layer and the  
 scutellum but develop normally.  This type is easily identified and can be  
 discarded. 
 
 The number of haploids and non-haploids was recorded following screening at the 
dormant stage.  Seeds identified as haploid at the dormant stage were planted to the field 
for final identification.  Final identification of haploid plants was performed using the 
following criteria.   
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Haploids – Plants having narrow leaves that often contain white stripes and high sterility  
 in both tassel and ear inflorescences with occasional fertility restoration in  
 sectors on the tassel and ear (Chase, 1969).  Lack of purple pigmentation in plant  
 tissue (Figure 2A). 
Hybrids – Plants expressing hybrid vigor and a high fertility in both the tassel and ear  
 inflorescences without sectorial sterility (Kato, 2002).  Presence of purple  
 pigmentation in plant tissue (Figure 2B).    
Spontaneously doubled haploids – High fertility present in both the tassel and ear  
 inflorescences and a lack of hybrid vigor (Kato, 2002).  Lack of purple  
 pigmentation in plant tissue. 
 
The number of haploids, hybrids, and spontaneously doubled haploids was 
evaluated at the dormant and field stages to determine the relative accuracy of assessment 
at each stage.     
 
Results and Discussion 
 
 The rate of haploids induced was compared for the three paternal lines, RWS x 
RWK-76, Proprietary 1, and Proprietary 2 on a single maternal genotype, B73.  On 
average, 9.59 percent of seeds contained haploid embryos when screened at the dormant 
stage and pollinated with RWS x RWK-76.  When pollen from Proprietary 1 and 
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Proprietary 2 was used for pollination, 8.80 percent and 9.77 percent of seeds were found 
to contain haploid embryos at the dormant stage, respectively (Table 1). 
 When seeds, identified as haploids at the dormant stage, were planted to the field, 
no spontaneously doubled haploids were found.  However, F1 hybrids from crosses of 
B73 and the haploid inducing lines were found (Figure 3).  The error rate was calculated 
by dividing the number of hybrids by the number of haploids identified at the dormant 
stage.  An 8.58 percent error rate was found for RWS x RWK-76.  This led to a final 
induction rate of 8.77 percent for the haploid-inducing line RWS x RWK-76.  Error rates 
of 14.47 percent and 10.17 percent were found for Proprietary 1 and Proprietary 2, 
respectively.  Final induction rates were 7.52 percent for Proprietary 1 and 8.77 percent 
for Proprietary 2 (Table 1).    
F1 hybrids produced from induction crosses exhibited various amounts of purple 
pigmentation in plant tissue (Figure 3).  Hybrids with RWS x RWK-76 as the pollen 
donor exhibited the least amount of pigmentation in plant tissue (Figure 3A).  However, 
hybrids were easily identified due to size differences between the hybrids and haploids.  
Hybrids produced of B73 and the two proprietary inducer lines exhibited the highest 
amounts of purple pigmentation on plant tissue (Figure 3B and 3C).   
   
Conclusions 
 
 Induction rates measured at the dormant stage for the three haploid-inducing lines 
appear to be similar when B73 was used as the maternal genotype.  When measured at 
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the field stage, RWS x RWK-76 and Proprietary 2 had the same induction rate of 8.77 
percent and Proprietary 1 had an induction rate of 7.52 percent.   
 Progeny misclassification rates were found to be low for all three haploid-
inducing lines.  This demonstrates the effectiveness of screening for haploid seeds at the 
dormant stage using the R1-nj color marker.  The low misclassification rate may be due 
to the low occurrence rate of the C1-I allele being found in low frequencies in dent 
breeding lines (Kato, 2002; Röber, 1999).  C1-I acts as a dominant anthocyanin inhibitor 
which results in the absence of purple pigmentation (Coe, 1994).   
 F1 hybrids produced from crosses of B73 and the haploid inducing lines were 
easily distinguished from haploid plants when using the criteria described in the Materials 
and Methods section of this paper.  However, a difference was found in the expression of 
purple pigmented plant tissue.  The lack of purple pigmentation found in RWS x RWK-
76 may be due to the absence of the Pl1 “purple plant” marker.  Pl1 causes purple 
pigmentation in the coleoptile and radicle of the seedling.  Proprietary 1 and 2 are both 
known to contain Pl1.  The presence of the Pl1 gene made identification of F1 hybrid 
plants easier for crosses utilizing Proprietary 1 and Proprietary 2.     
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Table 1. Comparisons of induction rate for three haploid-inducing lines as determined by classification at dormant (seed) stage 
and field (plant) stage.   
 
Inducer 
source 
Seeds 
obtained 
from 
induction 
crosses 
Dormant stage Hybrids Field Stage Error rate 
Haploids Induction 
rate estimate 
 Haploids Induction 
rate 
 
RWS x 
RWK-76 
21,387 2052 9.59 176 1876 8.77 8.58 
Proprietary 
1 
864 76 8.80 11 65 7.52 14.47 
Proprietary 
2 
604 59 9.77 6 53 8.77 10.17 
Induction rate is calculated by dividing the number of haploids by the number of seeds obtained from the induction crosses. 
Percent error is calculated by dividing the number of hybrids by the number of putative haploids identified at the dormant 
stage.   
9
9
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Dominant maize pigmentation marker R1-nj and its use for identifying seeds with haploid embryo resulting from 
haploid induction crosses.  (Modified from Geiger, 2009) 
Maternal genotype Haploid-inducing line 
Endosperm 
Embryo 
Outcrossed or 
accidental self 
Aborted Haploid Hybrid 
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Figure 2.  Appearance of haploids (A) and hybrid (B) plants at field stage identification.  
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Figure 3. Comparison of pigmentation intensity for F1 hybrids from crosses of B73 and RWS x RWK -76 (A), Proprietary 1 
(B), and Proprietary 2 (C). 
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CHAPTER 7. GENERAL CONCLUSIONS 
 
 In vivo induction of maternal haploids using three different Stock 6 (Coe, 1959) 
derived haploid-inducing lines appeared to result in similar induction frequencies of ~8 
percent when B73 (Russell, 1972) was used as the maternal genotype.  Misclassification 
rates were found to be low using the dominant anthocyanin marker R1-nj (Nanda and 
Chase, 1966; Greenblatt and Bock, 1967; Chase, 1969; Neuffer et al., 1997; Röber, 1999; 
Eder and Chalyk, 2002) at the dormant seed stage.  Misclassified seeds planted to the 
field were easily identified.  However, differences were observed in the expression of 
purple pigmented plant tissue.  Greater amounts of pigmentation were observed in plant 
tissue of F1 hybrids produced from crosses of B73 and the two proprietary inducer lines 
than when RWS x RWK-76 was the inducer line.  This is believed to result from the 
presence of the Pl1 “purple plant” marker which causes purple pigmentation in the 
coleoptile and radicle of seedlings. 
 Unexpected results were found when colchicine was used to artificially double 
chromosome numbers.  In this study, the water control doubled at a significantly higher 
rate than colchicine, 41.73 percent and 24.15 percent, respectively.  However, no 
differences were found for the various tissue cut treatments that were used.   
 Herbicides containing anti-microtubule active ingredients were foliar-applied to 
haploid seedlings and it was found that doubling frequencies closely resembled 
spontaneous doubling frequencies of 0 to 10 percent (Chase, 1969; Beckert, 1994; 
Deimling et al., 1997; Kato, 2002).  However, these herbicides could potentially be 
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chromosome doubling agents.  Data presented for in vitro processes confirm their 
effectiveness at doubling chromosome numbers (Wan et al., 1991; Hansen and Andersen, 
1996). 
  Maternal haploids obtained from the in vivo induction process typically have very 
distinct physical characteristics.  Haploid plants are smaller and less vigorous than their 
diploid counterparts (Chase, 1952; Chalyk, 1994).  Chase (1969) described these haploid 
plants as having narrow leaves, often with white stripes.  He also noted these plants 
exhibited less tolerance to stress and were highly sterile in both male and female 
inflorescences, with occasional fertility restoration in sectors on the male and/or female 
inflorescence(s).  However, it was found that vigorous haploid plants occur and that these 
plants have the appearance of normal inbreds and possess highly fertile male and female 
inflorescences.   
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